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PREFACE 
This thesis describes an experimental study of the 
changes in the phospholipid content and composition of the 
sheep blowfly Lucilia cuprina during its development c 
Special attention has been paid to the development of the 
flight muscle mitochondria during maturation of the adult 
fly. The results of these studies may be used with those 
of others of this particular insect in providing a more 
detailed picture of its developmental pattern . 
The investigations described in this thesis were 
carried out in the Biochemistry Department in the School of 
General Studies at the Australian National University 
1. 
under the supervision of Professor L.M. Birt. The 
experimental work was performed by myself with the exception 
of the amino acid analyses presented in Section 1. 
6.~ ,~~ 
Bruce F. Christiansen 
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P RECI S 
This thesis describes a detailed study of the phospholipids 
of the sheep blowfly Lucilia cuprina, with particular 
attention being paid to the development of the flight muscle 
mitochondria. During the pupal life of the insect there is 
an initial decline in the total phospholipid followed by a 
rise which continues until emergence. The fall in 
phospholipid content is probably due to a breakdown of larval 
tissues, while the new phospholipid appears to arise both 
from a reuse of larval material and synthesis de novo. 
Phospholipid and protein were measured in the thoracic 
sarcosomes and were found to be incorporated at different 
rates. The protein is incorporated at a faster rate 
before and during emergence while the phospholipid is 
accumulated most rapidly immediately after emergence. 
Evidence is presented which supports the theory that it is 
"structural" or "non-enzymic" protein which is incorporated 
at this stage. A TCA soluble protein was isolated from the 
sarcosomes at several stages of development and it is 
postulated that this protein may be associated with 
unincorporated protein. 
The individual phospholipids appear to be synthesised 
at approximately equivalent rates in the whole insect 
during pupation with the exception of P.I. which increases 
markedly in amount near emergence. This pattern is 
reflected in the incorporation of phospholipids into the 
sarcosomes. It is concluded that P.I. may have a special 
function which could not be identified even tentatively. 
The flight muscle mitochondria of Lucilia contain about 
twice as much P.E. as P.C. and thus resemble those of other 
Diptera. They also contain a relatively high concentration 
of cardiolipin which may contribute to the impermeability 
iv 
of these organelles. In conclusion it is suggested that 
perhaps it is the incorporation of phospholipid rather than 
of protein that is associated with the increased oxidative 
and respiratory functions of the thoracic sarcosomes. 
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GENERAL INTRODUCTION 
The process of insect metamorphosis 
This thesis describes a detailed study of the 
phospholipids of the sheep blowfly Lucilia cuprina, in 
particular those of the thoracic sarcosomes or flight muscle 
mitochondria. Lucilia cuprina is a member of the 
holometabolous class of insects; i.e. after a period of life 
as a white larva, it passes through a complex metamorphosis 
at the end of which the resulting adult, an iridescent green 
fly, is completely different in form and structure. The 
period of transition between these two life forms is spent 
enclosed in a tanned pupal case or puparium. Throughout 
the pupal stage the insect is incapable of feeding and is 
completely inactive, although a great many biochemical and 
morphological changes occur . 
The development of all insects is marked by a series 
of well defined stages, each of which is preceded by apolysis, 
a term which describes the loosening or freeing of the 
epidermal cells from the old cuticle. Apolysis is usually 
followed by ecdys is, the shedding of the old cuticle. The 
·original term "moult", has been used to describe both of 
these events and should be avoided because of its lack of 
a precise meaning, although in colloquial use it implies the 
shedding of the cuticle. 
In holometabolous insects both larval-pupal and pupal-
adult apolysis occur, but each apolysis is not always 
followed immediately by ecdysis. Th~ timing of apolyses 
and the duration of the intermediate stages, varies in 
different insects. Thus in Lucilia, pupal-adult apolysis 
1 
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precedes larval-pupa apolysis, and so larval-adult and 
pupal-adult ecdyses take place together at emergence. 
In insects such as Lucilia, where the difference between 
larval and adult forms is very great, many of the larval 
tissues break down and the adult structures are formed from 
specialised cells (imaginal disc cells), that multiply but 
remain undifferentiated during larval growth, and only begin 
to differentiate when metamorphosis occurs within the 
puparium. In Diptera (flies), the imaginal cells are 
already evident in the embryo. According to Wigglesworth 
(1965), in holometabolous insects "there is never demolition 
and then reconstruction but progressive substitution. The 
most specialized larval structures disappear, the most 
specialized adult features are built anew from the imaginal 
discs II " ... metamorphosis consists of the realization 
of the latent imaginal characters". 
Development and function of the flight muscle sarcosomes of 
the adult fly 
One of the most striking changes which occurs during 
the metamorphosis of the sheep blowfly is the appearance and 
subsequent large increase in the number and activity of the 
flight muscle mitochondria . These organelles are found in 
large numbers in the adult insect making up 30% of the 
thoracic volume. They can be readily isolated (at least 
from the adult post-emergence), and are relatively large 
ranging in diameter from 1 to 10 microns. For these reasons 
Lucilia is particularly suitable for the study of mitochondrial 
development. 
The thoracic sarcosomes of Lucilia are found in close 
association with the flight muscle, lying in parallel rows 
between the fibres, in order to provide the large amounts of 
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energy required to mainta i n fligh t. Al hough larger than 
mammal i a n mitochondria, they have the characteristic double 
membrane structure in which the inner membrane consists of 
numerous fo ld s or cristae. In order to provide the wing 
bea t frequency necessary for flight, the muscle must contract 
at a ve ry f a st rate and thus requires considerable energy. 
In Di p t e ra glycogen serves as a readily mobilized "fuel 11 
rese rv e , which provides energy for flight and is also a source 
of t r eha lose the transport sugar in the haemolymph of Lucilia. 
Amino ac i ds c a n also be oxidised to provide energy for flight 
in Diptera bu t not fatty acids. 
Carbo hy d rate metabolism in flight muscle is similar to 
that obs e r v ed in mammalian skeletal muscle and the 
glycolyt i c e nz ymes are localized in the soluble fraction. 
The tricarb ox y lic acid cycle has been demonstrated in many 
insects and t h e enzymes responsible have been found to be 
situated i n the flight muscle mitochon d ria. The respiratory 
chain, in a s imilar form to that in mammalian tissues, has 
been i dent i fied in sarcosomes of flying insects. Nearly all 
the energy ge n e r a ted from the resp i ratory chain arises from 
oxidative p hos p h orylation in the form of ATP, which provides 
the ene r gy for muscle contraction. However a small amount 
of the e ner g y released may be in the form of high-energy 
interme d i a tes which could be i nvolved in such processes as 
pro t e i n syn thesis and ion transport. 
Phosphol i p i d s of thoracic sarcosomes 
Th e b ioch emistry of metamorphosis has rece i ved consid-
erable a tt e ntion and a large amount ot information is 
availabl e o n t he changes which occur in carbohydrates, 
proteins and a mino acids. Lipids however, have been 
compara ti vely neglected in insect biochemistry until fairly 
I 
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recently. In particular , the phospholipids of insect 
mitochondria have rece i ved even less attention and so while 
some reports have appeared on the lipid composition of 
mammalian muscle mitochondria, relatively little has been 
published about insect sarcosomes. Crone (1964) examined 
the phospholipid composition of adult housefly flight muscle 
sarcosomes and showed that they contained more phosphatidyl-
ethanolamine (cephalin) and less phosphatidylcholine 
(lecithin) than the intact flies. The phospholipids of some 
whole insects have been investigated by a number of workers 
(Bieber et al., 1961; Crone and Bridges, 1963; Taylor and 
Hodgson, 1964). 
More recently D'Costa and Birt (1966) have reported 
briefly on the phospholipid content of thoracic muscle 
sarcosomes of Lucilia in a paper devoted primarily to 
studies on the lipids of the whole insect at various stages 
of development. 
The phospholipids or phosphatides are a heterogeneous 
group of compounds that are classed together partially on 
the basis of solubility and partially on the basis of the 
ester phosphorus present in the compounds. Phosphatides are 
found in every cellular organism studied and are probably 
a constituent of every living cell. In some cellular 
structures, e.g., membrane units, the phosphatides may be 
the chief cellular lipid component. In spite of the wide 
distribution and quantitative importance of the phosphatides, 
much is yet to be learned about their composition and still 
more about their metabolic roles and significance in the 
living organism. 
One of the central biological roles of phospholipids is 
as structural components of cellular and sub-cellular 
membranes. It is known that the maintenance of such membranes 
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is necessary for the correct functioning of the cell. 
Membranes can function as barriers for solutes and water or 
as structural bases for enzymes. They are composed of 
lipid (mainly phospholipid) and protein arranged in a laminar 
array (according to one theory) or as discrete sub-units 
(according to another). Phospholipids have also been shown 
to be necessary for the action of certain enzymes e.g. 
succinic dehydrogenase in mitochondria (Abdulla and Davison, 
1965) and for the functioning of the electron transport 
chain (Green and Fleischer, 1963). These requirements appear 
to be for acidic phospholipids such as cardiolipin, which is 
thought to occur only in mitochondria. One of the 
mitochondrial enzymes, 3-hydroxybutyrate dehydrogenase, has 
an absolute requirement for lecithin and so the presence of 
this phosphatide is mandatory in mitochondria engaged in 
oxidising 3-hydroxybutyrate by this means. 
Thus, while the role ascribed to phospholipids as 
components of biological membranes is predominantly structural, 
they have been shown to be involved in certain enzymic 
reactions. It seemed therefore, that detailed information 
about the nature and composition of phosphatides in sub-
cellular organelles such as mitochondria, would be of value 
in helping to understand their function and metabolism. 
Also whether evidence of changes in mitochondrial properties 
(enzyme activity, specific gravity) could be related to 
changes in phosphol ipid composition in any way. 
The sheep blowfly Lucilia cuprina was chosen as the 
source of material for this investigation because of reasons 
already listed and also because there is available a 
wealth of biochemical information concerning its development, 
namely: nucleic acids (Lennie, Gregory and Birt, 1967) 
amino acids and other nitrogenous compounds (Birt and 
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Christian, 1969); pro t e in s ( Lenn i e an d B i rt , 1 9 6 7 ) ; fats 
(D'Costa and Birt, 1966 ) , and carbohydrates (Crompton and Birt, 
1967). In addition, because of the economic importance of 
this insect as an agricultural pest in a number of 
countries including Australia, information concerning aspects 
of its development may be of help in controlling or 
eradicating it . 
This thesis is divided into two sections. The first 
deals with the content and composition of the phospholipids 
of the whole insect during pupation and of the flight muscle 
mitochondria during adult development. The second describes 
experiments designed to determine the extent of incorporation 
of radioactive phosphorus into the phospholipids of Lucilia 
in an attempt to measure rates of synthesis. 
Insect culture 
The insects (Lucilia cuprina) . . 0 were maintained at 30 C. 
throughout their life cycle. Larvae were reared on sheep 
liver while adult flies were fed on sugar and water and 
induced to reproduce with a protein meal (sheep liver). 
In Section 1, insects chosen before emergence were 
·"aged" by their characteristic appearance. Two days before 
emergence the body of the pharate adult is unpigmented but 
the eyes are coloured; one day before emergence both the 
body and eyes are coloured and the body is covered with black 
hairs. Adult flies were selected at various ages after 
emergence and were probably synchronous to within 8-10 hours, 
except newly emerged flies which were easy to identify 
because of their inability to fly and characteristic purple 
colour and were probably synchronous to within 2 hours. 
In Section 2, white pupae (insects at pupation, untanned 
and immobile) were selected from a culture at pupation . 
( 
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These were readily recognizable and were known to have 
pupated within one hour . Thus the development of animals used 
on each successive day of the experiments was synchronized 
to within a few hoursG (Pupae selected in this manner were 
also used for a study in Section l of the changes in total 
phospholipid occurring during metamorphosis). 
Definition of terms 
Recent light-microscope studies (Barritt and Birt), have 
shown that pupal-adult apolysis occurs within one day of 
pupation and not three or four days before emergence as 
was formerly assumed . Thus the term "pupa" now refers to the 
first day in the puparium; for the remaining five days the 
insect is a "pharate" or hidden adult. Six and one half 
days after larval-pupal apolysis, the larval-adult, pupal-
adult ecdysis occurs when the adult fly emerges. 
FIGURE 1 
A diagrammatic representatio n of the l if e c y cle of 
0 Luci li a cuprina r eared at 30 C . (Barritt 196 9). 
The period concerned with in this thes i s is from 
late larval (day 3) to mature adult ( day 16 ) . For the 
sake of simplicity, when considering the pupal s tages, PO 
will be used to signify white pupae (larvae at 
pupation) and Pl, P2 etc. pupae 1 day old , 2 d a y s old 
and so on. When the period of study is adu l t deve lopment, 
newly emerged flies will be denoted by FO, 1 day before 
emergence F-1, l day after emergence F l a n d so on. 
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METHODS 
The methods described here are the ones generally used 
throughout the work. Special techniques pertinent to a 
particular experiment are described along with the results 
of that experiment in Sections 1 and 2. 
Tissue homogenates 
Insects (usually 20) from selected stages of their life 
cycle were cooled on ice, the thoraces freed from heads and 
abdomens and gently homogenised for about 1 minute (15 
strokes) in 5 ml. of ice-cold 0.3M sucrose in a Thomas tissue 
homogeniser fitted with a Teflon plunger. The homogenates 
were filtered under gentle suction through a pad of glass 
wool resting on a coarse sintered glass disc (porosity O), 
and the homogeniser tube and glass wool pad were washed with 
a further 2.5 ml. of ice-cold 0.3M sucrose . 
0 
were carried out at 0-5 C. 
All operations 
Isolation of sarcosomes 
Method 1 
0 (All operations were performed at 0-5 C). 
The separation of sarcosomes from the thoraces of adult 
flies was carried out as follows. The filtered homogenate 
was treated with 0.1 ml . Nagarse (1 mg. per ml . ) and allowed 
0 
to stand for about 30 minutes at O c. The suspension was 
then centrifuged for 10 minutes at 10,000 r.p . m. in a 
Sorvall Superspeed centrifuge RC2-B using 15 ml. Corex tubes 
and a fixed angle rotor, type SS-34. The supernatant was 
decanted completely and the pellet resuspended in 5 ml. 
ice-cold 0.3M sucrose with the aid of fine glass rod and a 
Whirlimixer. The centrifuging was repeated and again the 
pellet resuspended in 5 ml. ice-cold 0.3M sucrose . (At 
this stage a 0.5 ml. aliquot was removed for protein 
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estimation). All preparations were checked by interference 
microscopy and were observed to be completely free of 
unbroken cells, muscle fibres and large albuminoid bodies. 
The suspension was then again centrifuged in the Sorvall this 
time at 15,000 r.p.m. for 10 minutes, the supernatant 
decanted as completely as possible and the tube allowed to 
drain by standing in an inverted position for a few 
minutes. The inside wall of the tube was carefully dried 
with a tissue and the pellet was then ready for the 
extraction of phospholipids. 
The above procedure was satisfactory when working with 
adult flies where the contamination was due mainly to 
muscle fibres. However, in pre-emerged flies, mitochondrial 
preparations were found to contain numerous "albuminoids" 
(protein containing bodies) mostly larger than but of 
similar specific gravity to mitochondria. To overcome this 
difficulty, Method 1 was modified as follows: 
Me thod 2 
The homogenate, after treatment with Nagarse, was 
carefully layered onto a discontinuous gradient system con-
s _isting of 4 ml. sucrose S.G.1.18 on 2.5 ml. sucrose 
S.G.1.19 in a 15 ml. Corex centifuge tube. This system 
was centrifuged in the Sorvall for 10 minutes at 10,000 r . p.m. 
and all material down to the boundary of the 1.18 S.G . suc-
rose and the l.19S.G. sucrose was removed with a Pasteur 
pipette and suspended in ice-cold a.3M sucrose. This 
suspension was shown by microscopy to be virtually free 
of the larger albuminoid bodies and was then treated as 
in Method 1. 
Extreme difficulty was encountered 
mitochondrial preparations from flies 2 
in obtaining pure 
days before 
emergence even with the procedure described above. For 
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this purpose Method 3 as described by R. Lennie (1967) for 
the preparation of the small particle fraction from homogenates, 
was employed. 
Smith (1961). 
This method is a modification of that of 
Considerable mitochondrial material was lost, 
as only particles in the size range 0.2 - l micron are 
retained by this method, but a preparation free from 
contamination was obtained. 
Extraction of phospholipids 
The method adopted was essentially that described by 
D' Costa ( 1967) for the extraction of lipids. About 5 ml. 
chloroform-methanol (2:1 by volume) were added to the 
mitochondrial pellet and the material dispersed with a glass 
rod. The extraction was completed by transferring the 
suspension to a glass-Teflon homogeniser and homogenising 
vigorously for about 1 minute. The solid matter was allowed 
to settle, the supernatant fluid poured off, and further 
extraction made with 2.5 ml. chloroform:methanol. The 
combined extracts were filtered through a plug of cotton wool 
and then purified by the Folch procedure (Folch, Lees and 
Sloane Stanley, 1957) to remove any inorganic phosphorus, 
i.e. shaken with 0.2 vol. of 0.88% KCl. The emulsion was 
allowed to separate into two phases by standing or centrifug-
ing, and after removal of the upper aqueous phase, the wall 
of the tube and the surface of the lower phase were washed 
twice with "upper phase liquid" (aqueous O. 74% KCl-methanol-
chloroform 47-48-3 by vol.). 
The purified extract was evaporated to dryness in a 
0 
vacuum in a rotary evaporator at about 40 c., and the residue 
dissolved in a small volume of chloroform: methanol (0.5 ml. 
or l ml.). Fractionation of the extract by thin-layer 
chromatography was usually carried out immediately after its 
preparation. However, when this was not possible, the 
0 
extract was stored at -15 c. until required. 
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Separation and identification of phosphol i pids 
Phospholipids were separated by means of thin-layer 
chromatography. Most of the work was carried out on Gelman 
I.T . L.C. chromatography media Type SG using a solvent system 
consisting of isopropanol and ammonia (S . G. 0.88) 100:7 by 
volume. It was first thought that the solvent front component 
in this system was cardiolipin, but subsequent confirmatory 
tests established that in fact cardiolipin co-chromato-
graphed with phosphatidylethanolamine, and that the solvent 
front phospholipid might be phosphatidic acid. 
A second thin-layer system employing 20 cm. x 20 cmo 
glass plates coated with Merck silica gel G and a solvent 
mixture of chloroform: methanol: glacial acetic acid 
(70:30:10) by volume (White and Tucker 1969) was used to 
determine the cardiolipin content of 5 day old pupae. In 
this system cardiolipin was reported as running with the 
solvent front. 
The extract was applied to the media in 50 or 100 µl. 
aliquots as streaks by means of micropipettes or Oxford 
Samplers and the chromatograms allowed to develop for 1~ to 
2 . hours at room temperature. The plates were then dried in 
air and the phospholipids located by exposing the chromatograms 
to iodine vapour. The yellow areas which appeared were 
circled lightly with a pencil, and the iodine was then 
allowed to diffuse away. 
Spots were identified by use of sprays and by running 
standards. Ninhydrin (Oo3% in butanol) was used to detect 
phospholipids containing free amino groups (phosphatidyleth-
anolamine, phosphatidylserine) and phosphatidylinositol was 
tested for by the method of Trevelyan (1950). Confirmation 
of the identifications was obtained by eluting the individual 
phospholipids from the chromatograms and hydrolysing them 
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according to the method of Letters (1966). This was carried 
out as follows: the phospholipids were dissolved in a 
mixture of chloroform, ethanol and water (2:2 c 5:0 . 3) and then 
treated with 0.1 ml. 2N NaOH for 10 minutes at room 
temperature. The mixture was then neutralized with Amberlite 
IRC-50 (H +) ' d t d . t t resin an concentra e in a ro ary evapora or. 
The phosphorus esters were then chromatographed on Whatman 
No. 1 paper in a solvent system of isopropanol:water: 
ammonia(7:2:l) and located with the phosphorus spray of 
Hanes and Isherwood (1949). Identification was made by 
measuring the Rf of the spots and comparing them with those 
quoted by Letters (1966). 
Estimation of lipid phosphorus 
At first the method of Ames and Dubin (1960) was used 
after ashing the extracts with a mixture of sulphuric acid, 
perchloric acid and hydrogen peroxide . Various methods 
were used to elute the individual phospholipids from the 
chromatograms but consistently low recoveries (66-80%) 
were obtained. It seemed probable that some phospholipids 
were binding so strongly to the chromatographic material 
that they could not completely be removed by elution methods . 
Excellent recoveries (I.T . L.C . 85-111%, mean 102%; 
T.L.C. 80-97%, mean 89%) however, were achieved by the direct 
ashing technique of Parker and Peterson (1965). The areas 
of the chromatogram containing the phospholipids were wet 
ashed in test-tubes contained in a metal block on a hot 
0 plate at 200 C. with 1-1.5 ml. of ashing fluid (cone. 
sulphuric acid - 60% perchloric acid, 1.2 by vol .) according 
to the method o-.f Hanes and Isherwood (1949), with the 
addition of 0.05 ml. of 5% (w/v) ammonium molybdate as 
recommended by Werkheiser and Bartley (1952) . Two drops of 
concentrated nitric acid were also added to further 
facilitate digestion. 
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When ashing was complete ( 1~ - 2 hours), the tubes and 
contents were cooled and 5 ml. water added . The digests were 
filtered through a sintered glass funnel to remove suspended 
material and the test-tube and funnel were washed with a 
further 10 ml. of distilled water . The final volume of the 
filtered solution was made to 20 ml. with distilled water, 
and 10 ml. taken for phosphorus estimation which was carried 
out by the method of Berenblum and Chain (1938) as modified 
by Bartley (1953), after the addition of 20 ml. water to 
adjust the acidity. In this method the phosphate is 
extracted as phosphomolybdic acid into isobutanol followed 
by subsequent reduction with stannous chloride. 
Blanks were run by ashing known amounts of T.L . C. media 
which had been in contact with the solvent system only. 
Appropriate corrections were made to the test figures 
according to size or weight of the pieces used. 
Protein determination 
The protein content of the mitochondrial preparations 
were estimated by the method of Lowry (1951) after 
precipitation with 5% trichloro-acetic acid and washing by 
th~ method of Cleland and Slater (1953). 
For some determinations the microbiuret method of Goa 
(1953) was used. 
SECTION 1 
CHANGES IN PHOSPHOLIPID CONTENT DURING THE 
DEVELOPMENT OF LUCILIA 
INT RO DUCT ION 
There have been relatively few reports published on 
the phospholipid changes occurring during insect metamorphosis; 
the data for the phospholipid composition of flies may be 
summarized as follows. 
Levenbrook (1953) found that the total amounts of 
lipid phosphorus did not vary during the metamorphosis of 
the blowfly, Calliphora. Bieber et al. (1961) made similar 
observations with Phormia. However Pearincott (1960) noted 
a rapid decrease in lipid phosphorus during the pupation of 
the housefly Musca and a very sharp increase in late adult 
stages. On the other hand, Bridges and Cox (1962) observed 
no significant changes in lipid phosphorus during develop-
ment of the same insect. In both Phormia (Bieber et al. 1961) 
and Musca (Bridges and Cox, 1962) it was noted that adults 
contained the highest amounts of phosholipid and that the 
typical pattern (phosphatidylethanolamine 50% - 60% and 
phosphatidylcholine 15% - 25%) remained relatively 
unchanged throughout development. 
The phospholipids of Lucilia cuprina have been 
investigated by D'Costa and Birt (1966). Total phospholipid 
increased to a maximum at pupation and then decreased 
from 0.62 (µg atoms per insect) in day 1 to 0.36 in day 4, 
then rose steadily to 0.6 in the 5 day old adult. The 
composition of the phospholipids remained relatively constant 
-14-
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throughout the pupal period and adult development e 
Phosphatidylethanolamine made up 55% of the total while 
phosphatidylcholine accounted for 26%. 
The phospholipid content of the thorax increased from 
0.262 µg atom P per insect in the newly emerged fly to 0.403 
µg atom lipid P per insect in 5 day adults. Phospholipid 
in the abdomen increased from 0.142 µgatoms per insect in 
the 2 day old pharate adult to 0.164 µgatoms in the newly 
emerged insect, then decreased to 0.116 µgatom in the 5 day 
(unmated) adult. The phospholipid to protein ratio of the 
thoracic sarcosomes was measured 2 days before emergence, at 
emergence and 5 days after emergence and was found to be 
relatively constant. The major phospholipid constituent at 
all stages of development was phosphatidylethanolamine. 
Polyglycerophosphatides (cardiolipin) increased significantly 
after emergence although remaining constant at about 12% 
of the total phospholipid. 
Although the foregoing information on the phospholipids 
of Lucilia provides a basic pattern of phospholipid changes, 
ambiguities remain; thus the thin-layer chromatography system 
employed by D'Costa and Birt would not separate 
phosphatidylcholine from phosphatidylserine thus preventing 
an accurate determination of these two components. There was 
also some doubt as to the purity of their sarcosomal prep-
arations (from which muscle fibres were not removed by 
enzyme digestion) and their observations of sarcosomal 
phospholipids were made at only three stages of the life cycle. 
The present investigation was unde7taken to confirm and 
extend the findings of D'Costa and Birt by utilizing a more 
efficient system for the separation of phospholipids, by 
developing methods for the isolation of uncontaminated 
sarcosomal preparations and by making detailed analyses at 
all stages of the life cycle. 
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RESULTS 
Preliminary considerations on the preparation of mitochondrial 
suspensions 
As it was intended to determine phospholipid to prote i n 
ratios in the thoracic muscle mitochondria as well as to 
examine the phospholipid content, it was necessary to obtain 
sarcosomal preparations free from non-mitochondrial protein. 
In mitochondrial suspensions made from the thoracic muscles 
of adult flies, the main contamination encountered was due 
to muscle fibres. Initial attempts to obtain pure prepara-
tions by centrifuging with discontinuous sucrose gradients 
were unsuccessful as the muscle fibres formed a dense mesh 
at the gradient interface which would not sediment and thus 
interfered with the free movement of suspended particles. 
Filtration through glass fibre filters or filter paper was 
partly successful, but was extremely slow and tedious, and 
removed much mitochondrial material along with the muscle 
fibres. 
Nagarse, a proteolytic enzyme of bacterial origin, had 
aiready been used by a number of workers in the preparation 
of mitochondria from heart muscle (Chance and Hagihara, 1961: 
Davis, 1965), and was tested with the thoracic muscle 
preparation of Lucilia. The addition of small amounts of a 
1 mg./ml. solution of Nagarse to the homogenate completely 
destroyed muscle fibres within 30 minutes at o0 c. 
When working with the pre-emerged flies, preparations 
were observed to be contaminated with nalbuminoid bodies''. 
Following Nagarse treatment, these were removed almost 
entirely by density gradient centrifuging as described in 
the methods section, but a considerable amount of 
mitochondrial material was lost . Thus quantitative 
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preparations of mitochondria were not obtained for these 
stages of the life cycle. The method of Lenn i e employed for 
the isolation of mitochondria from flies 2 days before 
emergence yielded a preparation enriched with relatively 
immature mitochondria. The implications of this observation 
are discussed when considering the results. 
Activity of mitochondria isolated after Nagarse treatment 
It seemed prudent to check whether Nagarse - prepared 
mitochondria had been damaged in any way by the action of the 
enzyme. Flight muscle mitochondria of Lucilia contain an 
extremely active system for the oxidation of a-glycerophos-
phate and so the a-glycerophosphate oxidase activity of 
sarcosomes from 1 day and 13 day old flies was determined. 
Oxygen uptake was measured with a GME oxygraph model KM 
fitted with a Clarke electrode. The standard reaction mixture 
consisted of 15mM KCL, SmM MgC1 2 , SOmM Tris, 2mMEDTA, and 
35mM phosphate buffer (pH 7.4). 
The mitochondrial preparations oxidised a-glycerophosphate 
at rates comparable with those reported by Walker and Birt 
(1969) (2,200 µ1/hour/mg. protein). Mitochondria from 
1 day old flies showed some dependence on ADP, i.e. were 
coupled, but those from 13 day old flies did not . This also 
was in accordance with the observations of Walker and Bi r t 
(1969). Mitochondria prepared from flies 2 days before 
emergence by the method of Lennie were shown to oxidise 
a mixture of pyruvate and malate as well as a-glycerophosphate . 
Both of these systems showed dependence on ADP (P /0 
ratio 2. 4). These mitochondria also exhibited a high 
endogenous rate of respiration which may have been due to 
fatty acid oxidation . 
It was concluded from the above tests that Nagarse had 
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not damaged the mitochondria and that the membrane and 
membrane-bound enzyme systems were apparently intact. 
The content and composition of the total phospholipids of 
the insect during development 
Wandering larvae contained 14-15 µg/insect of lipid 
phosphorus and this level did not change in the white pupal 
stage. After pupation however, the phospholipid content 
decreased rapidly to a minimum value of about 9 µg/insect 
in 2 day old pupae and then rose steadily to its pre-pupal 
concentration in the newly emerged fly. The phospholipid 
level continued to increase after emergence to about 22 
µg/insect in 1 day old flies. 
The individual phospholipids were determined by means 
of thin-layer chromatography as described in the Methods 
section. In the Gelman I.T.L.C. system cardiolipin and 
phosphatidylethanolamine co-chromatographed. This was 
demonstrated by running a cardiolipin standard which proved 
to have the same Rf as phosphatidylethanolamine, and also 
by hydrolysing the phosphotidylethanolamine spot with 
NaOH and chromatographing the water soluble phosphate esters. 
Two deacylated products corresponding to glycerylphosphoryl 
ethanolamine and diglyceryl phosphorylglycerol were obtained. 
As the results in Table 1 show, the major component 
at all stages of pupal life was phosphatidylethanolamine 
which accounted for 50 - 60% of the lipid phosphorus. The 
second most abundant phospholipid was phosphatidylcholine 
which made up about 20% of the total. The proportions of 
the major components did not change significantly during 
development, but the combined percentages of phosphatidyl-
serine and phosphatidylinositol fell from 12% in wandering 
larvae to about 5% for the greater part of pupal life, and 
then increased to 16% in the newly emerged fly. These two 
FIGURE 2 
Changes in the total phospholipid content 
of Lucilia during pupal life. 
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TABLE 1 
Changes in phospholipid composition of Lucilia during 
metamorphosis. The figures are percentages of the total 
lipid phosphorus. 
L refers to late larval stage, PO to pupae at pupation 
etc . as defined in Figure 1. 
Age of Flies 
Phosphatide L PO Pl P2 P3 P4 P5 
Solvent Front 
Lipid p 1 0 0 0 0.3 0 8 
Phosphatidyl-
ethanol amine 51 60 60 62 59 59 58 
Phosphatidyl-
serine 12 3 2 6 5 6 6 
+ 
Phosphatidyl 
inositol 
Phosphatidyl-
choline 20 23 16 19 23 22 18 
Lys~phosphatides 12 12 22 13 12 11 9. 5 
FO 
4 
58 
16 
17 
6 
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phospholipids were estimated together because they ran in 
close proximity on the chromatogram and could not usually be 
accurately separated. However it was observed that the 
phosphatidylinositol portion of the combined spot (see Fig. 3) 
was virtually absent from chromatograms of pupal phospholipids 
but was present in those of the phospholipids of the newly 
emerged fly. Thus the appearance of phosphatidylinositol 
seemed to account for most of the observed increase in the 
combined figure for these 2 phospholipids. 
Lysophosphatides, the mono-acyl phosphoglycerides, 
were present in significant amounts throughout development o 
The high proportion (22%) found in l day old pupae may be 
a result of the breakdown of phospholipids which is 
occurring at this time. 
Whilst the identity of the solvent front material 
(? phosphatidic acid) was not confirmed, the appearance of 
significant amounts of phosphatidic acid in late pupal 
life would be consistent with the active phospholipid 
synthesis which is observed at this stage since phosphatidic 
acid is a phospholipid precursor. 
Cardiolipin was determined unambiguously only in the 
phospholipids of 5 day old pupae (using thin-layer 
chromatography on silica gel) and comprised 5% of the total. 
Its presence here can be partly related to the development 
of the flight muscle mitochondria. 
Changes in the phospholipid content and composition of 
thoracic sarcosomes of Lucilia during adult development 
Sarcosomal phospholipid increased most rapidly over 
emergence and during the first day of adult development. 
Thus 1 day before emergence, the mitochondrial lipid 
phosphorus was observed to be about l.6µg per insect 
FIGURE 3 
Diagrams of phospholip i d separat ions by thin-layer 
chromatography . 
1. Silica gel G on . 20 cm x 20 cm glass plateso 
Solvent system: chloroform:methanol:acetic acid 
(70:30:10 by vol.). 
2 . Gelman I . T.L . C. media. 
Solvent system; isopropanol:ammonia S .G.Oe88 
(100:7 by vol .). 
System 1 
A = cardiolip i n 
B = ? 
C = phosphatidylethanolamine 
D = ? 
E = phosphatidylserine 
F = phosphatidylcholine 
~tern 2 
A' = solven t front lipid P 
B' = phosphatidylethanolamine (+ cardio li pin ) 
C' = phosphatidylserine 
D' = phosphatidylinositol 
E' = phosphatidylcholine 
F' = lysophosphatide 
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increasing to 3 µg per insect in the newly emerged fly o 
However as previously discussed, mitochondria were not 
quantitatively recovered from pre-emerged flies and so the 
true increase may not be as great as this . The most active 
period of incorporation of phospholipid into thoracic 
sarcosomes occurs during the first day of adult development 
when the sarcosomal lipid phosphorus increases to 5 µg per 
insect. Thereafter this value rises slightly to about 6 µg 
per insect in 5 day old adults. 
The composition of the sarcosomal phospholipids as 
determined by the two thin-layer systems is shown in Tables 
2 and 3. The results obtained from the I.T . L . C . analysis, 
reflect the pattern of the total insect phospholipids . Thus 
phosphatidylethanolamine is the major component comprising 
45 - 60%,while phosphatidylcholine makes up 10 - 20%. The 
solvent front component falls significantly over emergence 
f~om 26% to 6% in the newly emerged fly. Again this may be 
due to a conversion of phosphatidic acid to phospholipid. 
As in the whole insect, the percentage of phosphatidylserine 
plus phosphatidylinositol increases sharply 1 day before 
emergence . The proportion of cardiolipin remains relatively 
constant during development at 10 - 16% (Table 3). 
As the 2 independent methods of separation and 
estimation gave similar results all these data may be 
combined to give the most adequate assessment of the detailed 
developmental changes (Table 4). The phosphatidylethanolamine 
figures were obtained by subtracting the cardiolipin resul t s 
from the P.E. results in Table 2 . As the phosphatidylserine 
spot was more clearly defined in the T . L.C . separation, 
the results in Table 3 were taken for this phosphatide and 
the phosphatidylinositol levels were obtained by subtracting 
the phosphatidylserine figures from their combined figure 
in Table 2. 
TABLE 2 
Composition of the phospholipids of thora cic sarcosomes 
of Lucilia during adult development as determined by 
chromatography on Gelman I.T.L.C. media SG (s ee Methods). 
Results are expressed as percentages of the total 
sarcosomal lipid phosphorus. 
Figures for flies at emergence and at 5 days are the means 
of two experiments. Those for 4 day adults are the 
means of 3 experiments. F-2 refers to flies 2 days be fore 
emergence, FO flies at emergence etc., as defined in 
Figure 1. 
Age of Flies 
Phosphatide F-2 F-1 FO Fl F2 F3 F4 
Solvent Front 
Lipid p 26 16 6 4 3 5 5 
Phosphatidyl-
ethanol amine 45 48 49 57 58 57 52 
Phosphatidyl-
serine 6 16 19 23 18 18 21 
+ 
Phosphatidyl-
inositol 
Phosphatidyl-
choline 15 10 22 17 16 16 19 
Lysophosphatide 6 8 0 1 4 4 1 
FS 
3 
61 
17 
17 
1.5 
TABLE 3 
Composition of the phospholipids of thoracic sarcosomes 
of Lucilia du r ing adult development as d etermined by 
chromatography on glass plates coated with si lica gel 
G ( S e e Me th 9_ d_ s ) . Results are expressed as percentages 
of the total sarcosomal lipid phosphorus . 
Figures for -2, 1, and 4 day old flies are the mean s of 
two experiments. F-2 refers to flies 2 days before 
emergence, F-1 to flies 1 day before emergence etc. as 
defined in Figure 1. 
Age of Flies 
Phosphatide F-2 F-1 FO Fl F4 
Cardiolipin 11 12 12 16 14 
Spot ·No. 2 5 3 7 3. 5 3 .5 
Phosphatidyl-
.et ha n o 1 amine 38 47 49 45 45 
Spot No . 4 12.5 6 3. 5 4 5 
Phosphatidyl-
serine 7. 5 5 5 7. 5 7 
Phosphatidyl-
choline 27 23 18 19 21 
TABLE 4 
Compos i tion of the phospholipids of thora cic sarcosomes 
of Lucilia at various stages of adult devel opment. 
Results are expressed as percentages of the total 
sar c osomal lipid phosphorus and have been de ri v e d from 
Tables 2 and 3 as described in the text . 
The figures i n brackets are the solvent f r ont lipid 
phospho r us percentages as determined by the Gelman I.T.L.C . 
system (Table 2). F-2, F-1, etc. refer to fl i e s 2 days 
before emergence, 1 day before emergence etc . , a s defined 
i n Figure 1. 
Age of Flies 
Phosphatide F-2 F-1 FO F l F4 
Cardiolipin 11 12 12 1 6 1 4 
Phosphatidyl-
ethanolamine 33 36 37 4 1 38 
Phosphat i dy l-
serine 7 . 5 5 5 7. 5 7 
Phosphatidyl-
inositol 0 11 14 15 .5 12 
Phosphatidyl-
choline 21 16.5 2 0 1 8 20 
Lysophosphatide 6 8 0 1 1 
Balan c e 2 0 (26) 12(16 ) 12 ( 6) 2 ( 4) 9 ( 5) 
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The results in T able 4 show that the composition of t he 
sarcosomal phospho lipids remains virtually un c hanged during 
development except for the sudden appearance of 
phosphatidylinositol 1 day before emergence. The proportions 
of the major components, phospha t idylethanolamine and 
phosphatidylcholine, stay constant during development at 
about 40% and 20% respectively. A significant proportion of 
the "balance" or unaccounted for phospholipid may be 
phosphatidic acid as already discussed. Lysophosphatides 
disappear at emergence and are virtually absent from the 
thoracic sarcosomes of the adult fly. The amounts of each 
phospholipid present at various stages of the life cycle in 
the thoracic sarcosomes are shown in Table 5. All phospholipids 
with the exception of the lysophosphatides increased in 
amount up till emergence and then showed no further change . 
The lysophosphatide component on the other hand, as described 
previously, declined in amount after emergence. 
The phospholipid composition of the thoracic sarcosomes 
of adult Lucilia is similar to that reported by Khan and 
Hodgson (1967) for flight muscle mitochondria of the house-
fly. One of the chief differences between these mitochondr i a 
and mammalian mitochondria is the farmer's large cephalin 
content which is twice that of lecithin. 
The ratio of phospholipid to protein in thethoracic 
sarcosomes of Lucilia during adult development 
The protein content of mitochondrial preparations 
from the flight muscle of Lucilia at various stages of 
development was measured at the same time as the lipid 
phosphorus, and from these figures the ratio of lipid phos-
phorus to mitochondrial protein was calculated . The ratios 
are the means of several sets of results for each stage and 
are shown in Fig. 5. 
TABLE 5 
Changes in the amoun ts of the i ndivi du al phospho lipids of 
the thoracic sarcosomes at various stages of developmen to 
These values were calculated by using the percentage 
composition figures shown in Table 4 and the values for 
total sarcosomal lipid phosphorus (Fig. 5) o Result s are 
expressed as µg of lipid phosphorus per insect. F-2, 
F-1 etc. refer to flies 2 days before emerge nce, 1 day 
before emergence as defined in Figure 1. 
Age of Flies 
F-2 F-1 FO Fl F4 
Cardiolipin 0 . 12 0.19 O o36 0.8 Oe76 
Phosphatidyl-
e th an o lam in e 0.36 0. 5 8 1 .1 2 .. 05 2 .. 05 
Phosphatidyl-
serine 0 . 08 0.08 0.15 Oo38 O o 38 
Phosphatidy l -
inositol o.o 0.18 0.42 Oo77 0.65 
Phosphatidyl-
choline 0.23 0.26 0.6 0., 9 1.1 
Lysophosphatides 0.07 0.13 0 0.05 0.05 
Balance 0.22 0.19 0.36 0 .. 1 0.49 
FIGURE 4 
Changes in phospholipid and prote in content 
of the thoracic sarcosomes dur ing development 
of adult Lucilia. The values shown fo r each 
stage are the means of several experiments. 
0 0 Lt') 
0 0 M 
M
 
0 0 N 
-c 
·
-a. 
·
-
-0 
.c:: 
a. 
"" 
0 
.c:: 
c.. 
0 0 ...
.
 
C: 
·
-C1' 
~
 
0 :ti., 
Q. 
It") 
LL. 
~
 
LL. 
M
 
LL. 
N
 
LL. 
.
.
.
.
 
LL. 
0 LL. 
.
.
.
.
 
I 
LL. 
N
 I 
LL. 
Q) 
-(.) 
:>t 
(.) 
Q) 
"
t-
·
-
-"
t-
0 Q) 
C
, 
~ 
~
 
tJ) 
FIGURE 5 
Changes in the lipid phosphorus to protein ratio 
(ug lipid P per mg protein) in thoracic sarcosomes of 
Lucilia during adult development. The value s shown 
are the means of a number of experiments at each stage . 
The intervals above and below each point are one 
standard deviation. The figures in brackets above the 
intervals are the number of measurements at each age. 
F-2, F-1 etc. refer to flies 2 days before emergence, 
l day before emergence etc. as defined in Figure 1. 
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Thus the ratio falls from 20 in flies 2 days before 
emergence, to 9.4 at emergence and then rises to 13.4 in 1 
day old flies. The ratio remains unchanged during the 
remainder of the period of adult development. The differences 
between the mean ratios for F-2 and F-1 stages are 
significant at the 0.1% level, while the differences of the 
means for Fo and Fl stages are significant at the 5% level. 
As pointed out earlier, the method of preparation of 
flight muscle mitochondria from flies 2 days before emergence 
selects small mitochondria which are representative of 
these organelles at an early stage of development but are 
not necessarily representative of the whole thoracic 
sarcosomal population at this stage. Nevertheless, since 
the main purpose of this investigation was to determine changes 
in developing mitochondria, the interpretation of these 
results is not affected. 
The drop in ratio preceding emergence must mean that 
mitochondrial protein is being accumulated faster than 
phospholipid. Conversely following emergence, relatively 
rapid incorporation of phospholipid occurs which causes the 
ratio to rise once more. This implies that mitochondrial 
membranes are not made from pre-formed units or sections, 
but that during the development of the inner membrane (Gregory, 
Lennie and Birt 1968) the protein is laid down first with 
the phospholipid components being added later. 
The ratio of phospholipid to protein in the mitochondrial 
membrane 
In an attempt to verify the implication that mitochondr-
ial membranes were being formed by an asynchronous incorpora-
tion of protein and phospholipid, the phospholipid to 
protein ratio in the mitochondrial membrane was investigated 
at several stages of the life cycle. 
TABLE 6 
Phospholipid t o protein ratios in the membranes of 
thoracic sarcosomes of Lucilia at several stages o f 
development . Also shown is the percentage of membrane 
( " in so 1 ub 1 e " ) p rot e i n i n th e t o t a 1 s a r c o s o m a 1 p r o t e i n . 
Membranes were isolated by son i cat i ng sarcosomes for 25 
seconds in O . lM KCl followed by centrifuging for 45 
minutes at 105,000g. The ratios are expresse d as µg 
lipid phosphorus per mg. of protein . 
F-2, F-1 etc. refer to flies 2 days before emergence, 1 
day before emergence as defined in Figure 1 . The 
number of tests performed at each stage is given in 
brackets after the ratio. 
--
Age of Flies F-2 F-1 FO F4 
Ratio 30(1) 12 ( 4 ) 11.8(3) 21(1) 
Percent 
" i nsoluble" 
protein 61 65 64 65 
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Mitochondrial suspensions were prepared from the 
thoraces of Lucilia as previously described. However the 
final suspension was made in 5 ml. O.lM KCl instead of a.3M 
sucrose so that soluble protein would be more readily 
extracted from the mitochondrial membranes. The sarcosomal 
suspension was then sonicated for 25 seconds in an MSE 100 
watt Ultrasonic Disintegrator at an amplitude of 10 microns, 
followed by centrifuging for 45 minutes at 105,000g, in a 
Beckman Spinco L2 preparative ultracentrifuge. The super-
natant fluid was then decanted and the phospholipid to 
protein ratio determined in the pellet. 
experiments are shown in Table 6. 
The results of these 
The phospholipid to insoluble protein ratio in thoracic 
sarcosomes fell from 30 in flies 2 days before emergence 
to 12 in flies 1 day before emergence and in newly emerged 
flies. This ratio rose again to 21 in 4 day old flies provid-
ing further evidence that phospholipid and membrane protein 
are accumulated at different rates. The proportion of 
insoluble mitochondrial protein rose slightly from 61% in 
flies 2 days before emergence to 65% in flies 1 day before 
emergence but thereafter remained constant. However the 
results of replicate experiments tended to vary somewhat, so 
that such small changes are probably without significance. 
Caplan and Greenawalt (1966) have also reported that 
variable amounts of protein are extracted from mitochondria 
by sonication and washing procedures. 
The distribution of sarcosomal phospholipid 
To establish if any phospholipid w~s being lost in the 
soluble fraction, mitochondrial suspensions were divided 
into two equal parts in one of which the phospholipid 
content was estimated in the usual way, whilst the other 
was sonicated and the membrane-bound phospholipid determined. 
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In three such experiments an average of 105% of the total 
lipid phosphorus was re covered in the membr a n e pellet. This 
observation is in agreement with that of Caplan and Greenawalt 
(1966) who detected virtually no lipid phosphorus in water 
washes of sonicated rat-liver mito chondria. 
"Soluble" protein content of thoraci c sarcosomes 
The supernatant fluid obtained by centrifuging sonicated 
mitochondria and containing the soluble protein, was treated 
with 40% TCA to give a final concentration of 5 per cent. 
The precipitate was sedimented and dissolved in O.lN NaoH and 
the protein estimated by the method of Lowry (1951). The 
results (expressed as percentages of the total protein) are 
shown in Table 7. The percentage of soluble protein in 
the thoracic sarcosomes of newly emerged a~d pre-emerged 
flies as measured was about 10%, and in 4 day old adults 
13%. These figures were only about one third of those 
calculated from the estimations of total and insoluble 
protein. However, total recoveries of protein (soluble and 
insoluble) after sonication only ranged from 50% to 75% 
and indicated that considerable losses were occurring, 
apparently of soluble protein . The omission of the 
washing procedure described by Cleland and Slater (1953), 
which had been used for all protein estimations up to this 
point, did not improve recoveries significantly . 
The possibility that 5% trichloro-acetic acid was not 
precipitating all the soluble protein was then considered . 
The supernatant fluid obtained after sedimenting the 
trichloro-acetic acid-precipitable protein from the "soluble' 
(i.e. TCA-soluble) protein was neutralized and tested with 
the Lowry reagents. The amount of protein detected was 
almost enough to account for all losses; e . g. with 
sarcosomes from 4 day old flies, the following results were 
obtained: 
TAB LE 7 
A comparison of calculated and mea su r ed proportion s of 
soluble protein in thoracic sarcosomes o f Luci l ia a t 
various stages of development. The calcul ated results 
were obtained by subtracting the "insolub le " protein 
percentages (Table 6) from 100. The s oluble protein was 
measured by the method of Lowry following precipitation 
with 5% trichloro-acetic acid from the solub le fraction 
of sonicated mitochondria. The percentages of 
sarcosomal protein recovered (·soluble plus in s o lub le) 
are also included. 
F-2, F-1 etc e refer to flies 2 days before eme r g ence, 1 
day before emergence etc . as defined in Figu r e 1 . 
Age of Flie s 
F-2 F-1 FO F 4 
P·ercen tage of 
soluble prote i n 
(calculated ) 39 35 36 35 
Percentage of 
soluble prote i n 
(measured) 10 10 9 13 
Percen t age of 
total sarcosomal 
prote i n recovered 71 75 74 83 
Total mitochondrial 
protein 
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Ins ol. TCA Insol. TCA sol. Total 
8.9 mg. 5.8 mg. 1.03 mg. 1.6 mg. 8. 4 3 mg. 
The addition of more TCA ( fi nal cone. 15%) did not 
precipitate any additional protein . 
The total soluble protein content of the supernatant 
fluid was then determined directly (i.e. without precipitation 
with trichloro-acetic acid) by the method of Lowry, and it 
was shown that nearly all the protein could be accounted for 
as illustrated by the following results for thoracic 
sarcosomes from 4 day old flies: 
Total sarcosomal 
protein 
1. 8.9 mg. 
2 • 1 7. 5 mg. 
Insol. 
5.8 mg. 
12.5 mg. 
So 1. 
(Direct) 
2.95 mg. 
4.45 mg. 
Total (sol. + insol.) 
8.75 mg. (98%) 
16 . 9 5 mg. ( 9 7 % ) 
Thus the presence of a considerable amount of Lowry-
positive TCA-soluble material in the soluble fraction of 
sonicated thoracic sarcosomes was conclusively demonstrated. 
Since the Lowry-Falin reagent will react with other chemical 
groupings (e.g. phenolic groups) the possibility still 
remained that the TCA-soluble compound was not a protein 
(or peptide) but a smaller (and soluble) reactive species. 
However positive tests were also obtained with the 
microbiuret reagent of Goa (1953) which is specific for 
peptide bonds, thus confirming the presence of proteins or 
peptides. The amount of this substance at various stages of 
adult development was found to be relatively constant (at 
about 100 µg per insect) and constituted from one half to two 
thirds of the soluble protein. 
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The molecular weight and amino acid composition of the TCA 
soluble protein 
The approximate molecular weight of the TCA soluble 
This protein was determined by means of gel chromatography. 
technique also yielded a purified p reparation which was 
used for the analysis of the amino acid composition. Gel 
chromatography separates substances according to their 
molecular size; large molecules will emerge first from the 
bed, while smaller molecules are retarded. For many groups 
of substances a very close correlation is found between 
molecular weight (or molecular size) and elution behaviour, 
and for practical purposes the elution volume is usually 
determined entirely by molecular weight. Small molecules will 
gain access to the spaces between the chains of the gel 
matrix and will consequently be distributed fairly evenly 
between the free liquid and the liquid in the gel. Large 
molecules have access to less space within the gel, and tend 
to stay in the liquid outside the gel grains. This induces 
large molecules to emerge from the chromatographic bed 
earlier than the smaller ones. 
A 50 cm. x 1 cm. column of Sephadex Gl00-120 was 
prepared in water after the gel had been soaked for about 
3 days at room temperature. The column was calibrated with 
a mixture of proteins consisting of bovine albumin, horse 
radish peroxidase, cytochrome c and the amino acid 
tryptophan. The mixture was applied to the column and the 
proteins eluted with distilled water in the cold room at 
0 0-3 C. Fractions were collected in 3 ml. volumes in tubes 
in a fraction collector, and proteins were detected in the 
following ways. Bovine albumin and tryptophan were located 
by measuring the optical density at 280 mµ and cytochrome c 
by measuring the optical density at 412 mµ. Horse radish 
FIGURE 6 
Filtration diagram showing the elution rate of 
TCA soluble protein isolated from thoracic sarcosome s of 
Lucilia in relation to the rates of a mixture of 
standard proteins. Filtration was performed on Sephadex 
G 100-120 and the proteins were eluted with distilled 
water. 
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peroxidase was detected by its reaction with di-an i s i dine 
in the presence of hydrogen peroxide to form a coloured 
compound . A calibration curve was then constructed by 
plotting the elution volumes against the mole c ular we i ght on 
semi-logarithmic paper (Fig . 7). 
The supernatant obtained by adding 5% TCA to the soluble 
fraction of sonicated sarcosomes, was applied to the column 
and 3 ml. fractions collected. The optical density of the 
fractions was measured at 280 mµ and the results plotted 
(Fig. 69). The soluble fraction (not treated with 5% TCA) 
was also run through the column (as with the TCA soluble 
portion) and the result plotted on the filtration diagram. 
The peak absorption for both solutions occurred in the 
fraction in tube 13. This elution volume indicated a 
molecular weight of about 15,000 (Fig. 
corresponding to the peak (tubes 12-16) 
7 ) • The fractions 
from the TCA untreated 
solution were pooled and evaporated to dryness in a rotary 
evaporator and the residue dissolved in 1 ml . distilled water. 
Following hydrolysis with hydrochloric a c id, the amino 
acid composition of the solution was determined in a Beckman 
Amino-acid Analyzer. The results are listed in Table 8 
as µmoles per 100 µmoles of amino acid . One of the most 
unusual features of the amino acid analysis is the high 
proportion of hydroxyproline (25 µmoles per 100 µmoles ). 
This amino acid is usually only found in significant amounts 
in connective tissue proteins such as collagen, but i t is 
of interest to note that it has been reported as a 
constituent of the membrane protein of flight muscle 
sarcosomes of Lucilia cuprina (Gilby 1964 ). Collagen 
invariably contains a high proportion of glycine while this 
amino acid occursonly in small amount in the TCA soluble 
protein so there is no further similarity between the two 
proteins. In addition to the amino acids found by Gilby, the 
TCA soluble protein contained isoleu c ine, methion i ne and 
serine, while tyrosine was not detected . 
TABLE 8 
Amino acid composition of the TCA soluble prote in 
isolated from thoracic sarcosomes of 1 day old adul t 
Lucilia. Results are expressed as µmoles per 100 
µmoles of amino acido 
Alanine 6 Leucine 5 
Arginine 1 . 5 Lysine 3 
Aspartic Methionine 2 
acid 5. 5 Phenylalanine 2 
Glutamic Praline 2 0 5 
acid 7 
Glycine 5 Serine 3.5 
Histidine 1 Threonine 3 
Hydroxy- Valine 4 
praline 25 
Isoleucine 3 
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DISCUSSION 
Changes in the total lipid phosphorus 
during development 
In Lucilia, the phospholipid content of the whole 
insect declined by about 40% following pupation reaching a 
minimum value in 2 day old pupae and then rose again to more 
than its pre-pupal level in the adult fly. This pattern of 
phospholipid changes in Lucilia was also observed by D'Costa 
and Birt (1967) who nevertheless concluded that the 
phospholipids constituted a relatively stable group of 
compounds as compared with e . g., cytochrome oxidase, succinic 
dehydrogenase and other enzymes which increase fivefold or 
more during development . 
However there was a significant decrease in the 
phospholipid level after pupation probably as a consequence 
of the dissolution of the membranes of larval structures 
such as the 
(Section 2) 
fat body. Results to be described later 
suggest that the phospholipid which is not 
broken down is probably re-used in the formation of the 
adult fly. There is a resultant increase from mid-pupae to 
emergence about 50% of which is accountable for by the 
incorporation of phospholipid into the large thoracic muscle 
mitochondria. D'Costa and Birt (1967) observed that most 
of the increase in lipid P occurs in the thorax of the 
developing fly. 
Similar patterns of changes in phospholipid content 
have been observed in other flies. In Musca, Pearincott 
(1960) found that the total lipid phosphorus fell after 
pupation followed by a rise during pupal and adult 
development. Like observations in Musca were made by 
Bridges and Cox (1962). Bieber et al (1961) noted that the 
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phospholipid level was highest in adult Ph~ia. In 
studies on other insects, Thomas and Gilbert (1967) observed 
a marked increase in lipid phosphorus during adult 
development of Hyalophora, 32 as well as incorporation of P 
into the phospholipid. In the grain beetle Tribolium 
confusum, Beaudoin, Villeneuve and Lemonde {1968) found 
that the phospholipids fell after pupation, remained 
relatively constant during pupal life and rose again after 
emergence of the adult. On the other hand in the 
hemimetabolous insect Periplaneta {American cockroach), 
phospholipids do not appear to increase in amount during 
formation of the adult, although there is considerable 
synthesis during nymphal development {Kinsella 1966). 
Changes in the individual phospholipids of Lucilia during 
development 
Phospholipids corresponding to those found in 
mammalian tissue were detected at all stages with the 
exception of phosphatidylinositol which was virtually absent 
during early pupal life. The composition of the phospholipids 
remained practically unaltered throughout development, the 
only marked change being an increase in the proportions of 
phosphatidylserine and phosphatidylinositol which occurred 
at emergence. Phosphatidylethanolamine was the major 
constituent at all stages (approx. 60%) whilst 
phosphatidylcholine comprised 16-23%. This high 
concentration of phosphatidylethanolamine is characteristic 
of Diptera and Homoptera (aphids) as reported by Fast 
(1966). With one exception (which contained equal amounts 
-
of cephalin and lecithin) the phospholipids of all Diptera 
examined contained approximately 50% of P.E., the values 
for P.C. being of the order of 25%. Similar results have 
been reported by other workers. Thus in the blowfly 
Phormia, Bieber et al (1961) observed that the P.E. of egg 
--
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larva and young adult comprised 60% of the total phospholipid, 
whilst P.C. was less than 25% . In the housefly Mus~, PoE . 
consti uted 65% of the total phospholipids in the adult 
whilst the proportion of P. C. was 17%, (Crone and Bridges, 
1963). 
Allen and Newburgh (1965) studied the phospholipids of 
the fat body of the fly Sarcophaga and found that this 
tissue contained 51% P.E. and 21% P.C . They also detected 
approximately equal amounts of L.P.E. and L . P.C. (14% and 13% 
respectively). In the present study of Lucilia, lysophospha-
tides were found in significant amounts throughout pupal 
life (10-22%) but were not specifically identified although 
the component was ninhydrin negative and as judged by its 
position on the chromatogram was concluded to be L.P.C. 
Using a different chromatographic separation, D'Costa and 
Birt (1967) detected 7% lysophosphatide in the 
phospholipids of Lucilia and tentatively identified it as 
L.P.E. as it was ninhydrin positive . In the grain beetle 
Tribolium, Beaudoin et al (1968) reported that a considerable 
amount of P.C . is transformed into L.P.C. at the beginning 
of the pupal period . They also suggest that a reacylation 
of L.P.C. to form P.C. occurs in this insect. 
Phosphatidic acid is a key intermediate in the 
biosynthesis of both phospholipids and triglycerides 
(Kennedy 1961, 1963; Gilbert 1967 ). Solvent front lipid 
phosphorus (possibly phosphatidic a ci d) was not detected in 
Lucilia extracts in significant amounts until towards the 
end of pupal life (day 5). In contrast in H. cecropia, 
phosphatidic acid is the major phospholipid in the pupal 
haemolymph; together with cardiolipin it comprises 80% 
of the lipid P (Habidulla and Gilbert 1965 unpublished ). 
This drops to 3 per cent in the adult . Perhaps the apparent 
-
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absence of phosphatidic acid in the pupae of Lucilia 
indicates an alternative pathway of phospholipid synthesis 
e.g. reacylation of lysophosphatides as has been suggested 
for Tribolium. The appearance of phosphatidic acid near 
emergence may be associated with a de nova synthesis of 
mitochondrial phospholipids by established synthetic systems 
(see later) o 
Phospholipid composition of the thoracic sarcosomes 
The phospholipid composition of the thoracic sarcosomes 
was similar to that of the whole insect in that P.E. was 
the major component (about 40%) while P.C o accounted for 
about 20%. These proportions remained relatively unchanged 
throughout adult development. Crone (1964) found that P.E . 
comprised 69% of the phospholipids of housefly sarcosomes 
while the percentage of P.C. was only 9%, and also noted 
that the sarcosomes contained even lower amounts of P.C. 
than the whole insect. Taylor and Hodgson (1964 ) reported 
that in Phormia, as in Lucilia, the pattern of 
phospholipids of the subcellular fractions resembled that of 
the whole insect i.e., high P.E. and low P oC o and suggested 
that in this animal P.E. performed the functions of P.C. 
Thus as in all species of Diptera investigated, the sarcosomes 
of Lucilia contained a higher proportion of P.E. and a lower 
proportion of P.C. than other animal tissue. 
In other insects, Thomas and Gilbert (1967) observed 
that the flight muscle sarcosomes of the silk-moth HyaloEhora 
resembled mammalian mitochondria in their content of P . C. 
(40%) and P.E. (33%) . In an investigation of the phospholipid 
composition of muscle mitochondria of the tobacco hornworm 
(Manduca sexta), Chan and Lester (1970) found that the 
proportions of P.C. and P.E. were 44.8% and 34 . 7% respectively 
5 days before emergence and 33.5% and 39% respectively in the 
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adult moth o These proport ' ons too are similar to those 
observed in mammalian mitochondria . It may be relevant to 
note that reports in the literature concerning the exact 
proportions of P.E . and P.C. in mammalian mitochondria appear 
to be in conflict. Thus while many workers (McFarlane, 
Gray and Wheeldon, 1960; Marinetti et al., 1958; Gurr et 
al., 1965), report higher amounts of P.C~ than P.E., Getz 
et al. (1962) found that in rat liver mitochondria the 
phospholipids were present in about equal amounts (39%). 
These workers claim that the higher values for P.C. obtained 
by other workers could be due to contamination of the 
mitochondrial preparations by microsomes which are known to 
contain about 60% P.C. 
Thus it appears that while the mitochondrial phospholipids 
of some insects (including all Diptera) contain more P.E. 
than P.C., other insect mitochondria contain approximately 
equal amounts of the 2 phospholipids, while yet others 
resemble mammalian mitochondria in that they contain more 
P.C. than P.E. 
Cardiolipin 
Cardiolipin is a major component of the phospholipids 
of the thoracic sarcosomes of Lucilia comprising 11-16% 
of the total. In the thoracic sarcosomes of Mus~, Crone 
(1964) found only 6% cardiolipin and similar results were 
obtained by Hodgson who reported 5% cardiolipin in 
mitochondria isolated from whole flies. On the other hand; 
Chan (1970) has re-examined the phospholipids of the 
mitochondria of the housefly and found 24.6% cardiolipin. 
This author used different methods for the isolation of 
mitochondria and fractionation of the phospholipids but 
cannot offer an explanation for the difference in findings. 
Perhaps the low values for cardiolipin observed by Crone 
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were due to incomplete removal of this phospholipid from 
the chromatographic paper since it binds very s~rongly and 
is difficult to elute with so vents ~ (See Methods). Thomas 
and Gilbert (1967) found 15% car d iolipin in the 
phospholipids of the flight muscle mitochondria of Hyalophora. 
The values reported for Lucilia and Hyalopho ra are similar 
to those found with mammalian mito chon dr ia. Thus Stoffel 
and Schiefer (1968) found 14% cardiolipin in rat liver 
mitochondria most of which was concentrated in the inn er 
membraneo Similar amounts of cardiolipin have been found 
in rat liver mitochondria and sheep liver mitochondria by 
Getz and co-workers (1968). Indeed they report that 
cardiolipin is highly concentrated in the mi tochon dria of 
all tissues examined so far . 
It is apparent then that mito chon dria contain relatively 
high concentrations of cardiolipin compa red with other 
cell organelles, although Getz et al. (1968) consi ders that 
it is not certain that this phospholipid is exclusive to 
mitochondria. There is much evide nce that cardiolipin is 
associated with electron transfer function and in particular 
with cytochrome oxidase . Thus it has been found that the 
brown adipose tissue of the bat, a tissue which contains an 
abundance of electron transfer components (C.D ~ Joel and 
E.G. Ball 1962) has a concentration of cardiolipin 
comparable to that of cardiac muscle o A comparison of the 
ca~diolipin content of various tissues with the cytochrome 
c content (Getz et al. 1968) has shown that larger amounts 
of cytochrome care associated with larger amounts of 
cardiolipin in any part icular tissue (no quantities are 
given). 
Studies with the sarcosomes of Lucilia also provide 
evidence for a relationship between cardiolipin and 
-34-
respiratory components of the electron transport chain since 
both increase in parallel from emergence to the mature 
adult (Lennie and Birt 1967) . Thus there are 4-fold 
increases in the activity of cytochrome oxidase (and some 
dehydrogenases) and in the total amount of cardiolipin in 
the mitochondrial population (Table 5). The proportion of 
cardiolipin in the sarcosomes stays relatively constant 
during their development despite the enormous . . increase J.n 
the amount of inner membrane. This suggests that either 
the cardiolipin content of both inner and outer membranes J.s 
the same, or that the outer membrane is phospholipid poor 
and therefore there is no relative change in composition 
during inner membrane increase. However there is no support-
ing evidence for either of the foregoing explanations ~ A 
further possibility is that membrane components are present 
even J.n young mitochondria without much membrane. In 
electron microscope studies of pre-emerged Lucilia, Walker 
(1969) observed mitochondria in which were regions where 
internal membranes were forming but the membranes themselves 
were ill-defined and lacked elementary particles. She 
suggests that these are the immature mitochondria which 
contain enzymic and other constituents (e . g. apoenzyme and 
"structural" protein) accumulated for incorporation into the 
membrane complexes required for electron transport and 
oxidative phosphorylation. 
In contrast to these findings with Lucilia it has 
been reported (Chan and Lester, 1970) that the proportion 
of polyglycerophosphatide in tobacco hornworm muscle 
mitochondria increase about 3-fold during metamorphosise 
They speculate that formation of the outer mitochondrial 
membrane precedes that of the inner one. 
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Phosphatidylinositol 
The most striking change in the phospholipid composition 
of the thoracic sarcosomes of Lucilia is the sudden 
appearance of phosphatidylinositol 1 day before adult 
emergence. In considering possible significance of this 
appearance for changes in mitochondrial properties it is of 
interest to note that the activity of a-glycerophosphate 
dehydrogenase increases 2~ times over emergence. Stoffel and 
Schiefer (1968) found that rat liver mitochondria contained 
17% P.I ~/P.S. in the outer membrane compared with only 2% 
in the inner membrane. Whilst information on the 
distribution of P.I. in membranes of Dipteran mitochondria 
is not available, one might speculate that if they resemble 
rat-liver mitochondria in this respect, then the appearance 
of P.I. in Lucilia sarcosomes could mean that final 
incorporation of phospholipid into the outer membrane occurs 
later than into the inner one. In order to reconcile this 
observation with the behaviour of cardiolipin i oe., its 
constant proportion in sarcosomal phospholipids throughout 
development, it would be necessary to assume that cardiolipin 
is present in the same concentration in both inner and 
outer sarcosomal membranes. 
Ratio of phospholipid to protein in thoracic sarcosomes 
during development 
The ratio of phospholipid to protein (µgP/mg protein) 
in thoracic sarcosomes of Lucilia fell to about 9 at 
emergence and then rose again 1 day after emergence to 
approximately 13. This value remained constant during the 
remainder of the period of development of the mature 
adult. This pattern of changes clearly indicates an 
asynchronous rate of incorporation of protein and phospholipid 
into sarcosomes i.e., protein is incorporated faster than 
phospholipid during the initial stages of development 
l 
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producing a decrease in the ratioc This is followed by a 
period of more rapid incorporation of phosphol ipid which 
causes the ratio o rise once more. 
There are few studies of this type in the literature 
with which the results obtained with Lucilia can be comparedo 
Thus Chan and Lester (1970) studied phospholipid and protein 
changes in flight muscle mitochondria of the tobacco hornworm 
during pharate adult development (last 5 days) and report 
that the phospholipid to protein ratio does not change 
appreciably in this period. They conclude therefore that 
synthesis of protein and phospholipid appear to be 
synchronous during maturation of the mitochondria. It may 
well be that a study of mitochondria at earlier stages of 
adult development of the tobacco hornworm would indicate 
asynchronous incorporation of phospholipid and proteinc 
Miller and Cornatzer (1966) studied the phospholipid and 
protein content of rabbit liver mitochondria and found that 
the concentration of total and individual phospholipid 
(µgP/mg protein) did not change during the period 12 days 
before to 14 days after birth and suggest that t his means 
that the pattern of mi ochondrial phospholipids had been 
established prior to the development period studied a 
Membrane_£rotein and EhosEholiEid of thoracic sarcosomes 
The phospholipid to protein ratio in membranes of 
thoracic sarcosomes of Lucilia behaved similarly to that of the 
whole mitochondria o All the phospho lipid was retained in 
the membrane fraction and thus the decline in the 
phospholipid protein ratio which occurs is due to membrane 
protein being accumulated faster than phospholipid in the 
pre-emergence stagese Lennie and Birt (1967) noted that 
in the development of thoracic sarcosomes of Lucilia there 
are 3 stages of pro e · n incorporation viz e (1 An increase 
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in " respiratory" prote in (2) a rapid increase in the amount 
of "non-resp ir a tory " or "s tructural" protein (3) a fina 
stage du rin g which formation of "non-respiratory" protein 
de creases wh ile the "respiratory" prote ' n continue::s to 
develop a t t he same rate o The rapid increase in "non-
respiratory" prot ein begi ns 2 days before emergence and this 
co-inci des with the decrease in phospholipid to membrane 
protein ratio observed in t he present studyo Further 
evidence fo r the incorporation of "structural " protein into 
thoracic sarcosomes of Lucilia just prior to emergence 
comes from electron-micrographs (Lennie, Gregory and Birt, 
1967; Walker and Birt, 1969) which show increases in 
mitochondria l s i ze and extensive de velopment of inner 
membrane . 
Caplan and Greenawalt (1966 ) carrie d out studies on 
osmotically lysed rat-liver mitochondr i a and found that the 
ratio of lipid phosphorus to prote in i n the ghost fraction 
(i.e . membrane) was about twice that foun d in the unlysed 
mitochondria . No phospholipids were found in the water 
washes of the ghost fract i on and so it was concluded that 
there was co mplete conservation of phospholipids in the 
membrane fr actiono The amount of protein found in the 
ghost preparati on was 46% compared with 60% found in the 
insoluble fra cti on of Lu cili a sarcosomes in the present 
study . Caplan and Greenawalt suggest that 80-90% of 
the protein found in the water washes f r om rat liver 
mitochondri a is derived from the matrix. 
TCA soluble protein 
During the studies of son icated sarcosomes of Lucilia 
a TCA soluble prote in fraction was detected. The amount of 
this material was calculated to be about 100 µg per insect 
at all stages of adult development. Non-precipitable amino-
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acid containing compoun ds, usua ly classified as peptides, 
have been reported in several Diptera and other insects. 
Thus Birt and Christian (1969) found varying amounts of pep-
tide material in Lucilia at several stages of development. 
The quantity fell by about 50% after pupation and remained 
at the same level until emergence of the adult. Levenbrook 
and Dinamarca (1966) reported the presence of peptides in the 
blowfly Phormia regina, and peptides have also been found 
in Drosophila (Mitchell et al., 1962). All these reports 
have been concerned with isolation of material from whole 
ins ects and not from specific structures or subcellular 
components. 
However Wheeldon and Lehninger (1966) reported the 
presence of a TCA soluble protein fraction in sonicated rat 
liver mitochondria. In these experiments, labelled structural 
protein was found to lose radioactivity which could be 
recovered in the form of a fraction soluble in cold 5% TCA. 
The radioactive material exhibited the chromatographic and 
electrophoretic mobility of a reasonably large neutral 
peptide. More recently, Laico, Ruoslahti, Papermaster and 
Dreyll (1970) claim the isolation of a group of peptides 
(some or all of them glycopeptides) of molecular wt. 
about 5,000, from several biological membranes including 
those of rat liver mitochondria. These "miniproteins", as 
they are called by Laico et al., are considered by them to 
play a fundamental role in the common functions of 
biological membranes such as barriers for solutes and 
water, and as structural bases for enzymes. These compounds 
were present in large amounts (50% of the total protein 
in some membranes) and it is claimed that structural protein 
contains a very high molecular weight aggregate of 
miniprotein together with some of the other protein components 
of membranes. 
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The TCA soluble protein isolated from Lucilia thoracic 
sarcosomes in the present study was distinguished by its 
very high content of hydroxyprol ine (25%) identified by 
itsposition during chromatography in the amino-acid analyzer 
and its relative absorption at 440 mµ. Because it is 
rarely found in such high concentrations in animal proteins 
(except those of connective tissues) this identification 
requires confirmation . Hydroxyproline has however been 
found in Drosophila and in a study of the amino-acid 
composition of the sarcosomal membranes of Lucilia, Gilby 
( 1964) detected hydroxyproline in significant amounts. 
Amino acid analyses of the TCA soluble proteins mentioned 
above have not been presented and so it is not possible 
to compare them with the TCA soluble material isolated from 
Lucilia. 
Whilst there is only a little evidence for the presence 
of hydroxyproline in membranes derived from animal tissues, 
there is considerable evidence that it is a vital constituent 
of plant cell membranes. Lamport (1965) found that the 
protein component of primary cell walls of several plant 
species contained about 20% of hydroxyproline o This author 
suggests that a hydroxyproline rich soluble protein is 
formed which makes its way to the cell wall where it appears 
as firmly bound insoluble wall protein o He concluded that 
hydroxyproline content is related to tensile strength and 
osmotic fragility of cell walls . Putzai and Watt (1969) 
detected a TCA soluble protein rich in hydroxyproline from 
the leaves of Vicia fabia. The amino acid composition of 
this compound is very similar to that of the TCA soluble 
protein isolated from Lucilia. 
was found to be a glycoprote in. 
The protein from Vicia fabia 
Chrispeels (1970) reported 
on the biosynthes is of plant cell wall protein ~ According 
( 
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o this author the synthesis of hydroxproline rich cell wall 
protein involves assembly of the polypeptide chain, 
hydroxylation of praline residues,and glycolysation of 
these hydroxyproline residues with a rabin oseo The 
glycoprotein described contained up to 25% of hydroxyproline o 
Thus there seems to be a strik i ng similarity between 
the membrane proteins of plant cells and some mit ochondri a 
of animal origin. In both cases TCA soluble glycop roteins 
have been isolated . In the case of thoracic sar co s o me s of 
Lucilia the TCA soluble protein (which may also be a 
glycoprotein) was found to contain considerable amoun t s of 
hydroxyproline in common with the protein components of 
plant cell membranes. It is not unreasonable to suppose 
that a low molecular wt., hydroxyproline containing 
glycoprotein is a fundamental component of many b iological 
membranes, both animal and vegetable. 
SECTION 2 
32 INCORPORATION OF PINTO THE PHOSPHOLIPIDS 
OF LUCILIA 
INTRODUCTION 
The work described in Section 1 established that the 
phospholipids of Lucilia cuprina declined to a minimum 
value (9.5 - 10.5 µg lipid P/insect) in mid-pupal life, 
then rose again to reach a maximum in the emerged adult 
(approximately 20 µg lipid P/insect). During this period 
of increase the maturation of the thoracic sarcosomes occurs 
until in the adult fly they embody about 5 µg or some 25% 
of the lipid phosphorus of the whole insect. This quantity 
accounts for about 50% of the observed increase in 
phospholipid during adult development. The questions then 
arose - to what extent was: 
(i) the phospholipid being transferred from 
the larval reserves of phospholipid? 
(ii) reuse of breakdown products of larval 
phospholipid forming precursors for 
adult phospholipids occurring? 
(iii)adult phospholipid being synthesized 
de nova? 
f 32 . . . . Use o Pin phospholipid studies 
In order to answer the foregoing questions unambiguously, 
th b h d b . . 32 . h e est approac seeme to e to inJect Pinto t e 
insects at various stages of pupal life and measure the 
rate of its incorporation into phospholipids. 32 P had 
been first used in 1937 (Hahn and Hevesy) to demonstrate 
that phospholipids were not inactive structural elements of 
the cell, but were dynamic components continually being 
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I· 
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synthesised and broken down at a rate well above the 
demands of growth and repair e 
There are several reports in the literature describing 
the use of 32 P for studies of the turnover of the phospholipids 
of mammalian mitochondria. Thus for example, Taylor, Bailey 
and Bartley (1967) injected rats with 32 P to determine the 
half-life of the phospholipids of liver mitochondria c Their 
findings were similar to those of Gurr (1965) in that they 
recorded a half-life of 1.9 days. They also observed that 
32 P wa s rapidly incorporated into phosphatidylethanolamine 
and lecithin but slowly into cardiolipin. 
I · f 32 ' h . ' d f . ncorporation o Pinto t e phospholipi so insect 
mitochondria 
32 P has also been used in studies of insect phospholipids 
especially those of the flight muscle mitochondria of flies . 
Thus Price and Lewis (1959) investigated the phosphorus 
compounds of sarcosomes of the blowfly Calliphora using the 
32 P labelled pool technique. Crone (1964) injected house-
flies with 32 P and subsequently measured the radioactivity 
of the phospholipids of the flight muscle mitochondria. 
The labelling of these phospholipids was done principally to 
enable the identification of the products of their alkaline 
hydrolysates on chromatograms, but Crone also found that the 
ratio of the specific activities of leci thi n to cephalin was 
5.0 for sarcosomes and 2.4 for thoraces, compared to a typical 
value of 1.3 for whole flies when labelled under the same 
conditions. 
Khan and Hodgson (1967, also studied the phospholipids 
of subcellular fractions of Musca domestica after feeding 
32 
adult flies on P. In this case it was used purely as an 
analytical tool to determine the composition of the 
phospholipid extract. 
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32 There are no recorded experiments using P to study 
rates of synthesis of insect phospholipids and so the work 
in Section 2 was undertaken to fill this gap in existing 
knowledge as well as extending the findings of Section 1~ 
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METHODS 
Isolation of thoracic sarcosomes 
This was performed as des cribed in Section le 
Separation of phospholipids 
As described in Section 1. 
Estimation of inorganic phosphorus 
According to Crompton and Birt (1967) 
~otal phosphorus 
Insects were ashed using the procedure desc ribed in 
Section 1 for phospholipid phosphorus, followed by 
colorimetric determination by the method of Berenb lum and 
Chain (1938). 
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RESULTS 
Measurement of 32 P incorporation into the phosEE_olipids 
of Lucilia 
Incorporation of 32 P into the phospholipids of the 
insect at various stages during metamorphosis was measured 
by injecting radioactive orthophosphate into the pupae and 
evaluating the radioactivity of the phospholipids after a 
24 hour incubation period. In order to be able to assess 
the amount of synthesis it was also necessary to measure the 
specific activity of the inorganic phosphorus pool. 
Accordingly, the tissue was frozen, powdered under liquid 
nitrogen and attempts made to take samples of known weights 
for the assay of both phosphol ipid and inorganic phosphorus. 
However this proved to be extremely difficult as the powder 
was deliquescent and an alternative technique was therefore 
considered. 
If injections of radioactive phosphorus were sufficiently 
reproducible it would be possible to divide the injected 
insects into two groups and measure the specific activity 
of phospholipid in one and that of the inorganic phosphorus 
pool in the other . Therefore some tests were made to 
determine the reproducibility of injections of 32 P into 
Lucilia pupae. 
Investigations of injection technisues 
Injections were made with an "Agla" microsyringe 
equipped with a Burroughs Wellcome micrometer attachment. 
After injection insects were homogenised in 10 ml. dioxan 
32 
scintillant and the P activity measu r ed in a Beckman 
LS-100 liquid scintillation counter. "Bleeding" of the 
insects was 
injection. 
markedly reduced by cooling them on ice before 
InJections were made through the micropyle at 
the rear end of the insect and the injection site was sealed 
with paraffin wax. 
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Glass needles were found to be superior t o me t a l ones 
which often became blocked making it difficult to tell if the 
required amount of solution had been delivered . Ejection 
of fluid from the insect was immediately apparent with 
glass needles as were air bubbles or blockages. Washing of 
the pupae in cold phosphate solution after injection did not 
significantly decrease the number of counts obtained, and 
it was concluded from this that little contamination of the 
outer surface of the puparium was occurring during 
injection. 
Reproducibility of injections 
10 pupae were each injected with 1 µl of a solution of 
phosphorus-32 using a glass needle. The phosphorus-32 
had been neutralized and diluted with distilled water to 
give an activity of approximately 78,000 c.p.m. per µl. 
32 After injection the P activity of each insect · was then 
measured by crushing it in dioxan scintillation fluid using 
an all-glass homogeniser and counting the liquid in a 
Beckman liquid scintillation counter in glass vials as 
described previously. 
shown in Table 9. The 
The results of these tests are 
average 32 P activity recovered was 
56,000 c.p.m. per insect with a standard deviation of 
7,700 c.p.m. This loss in recovery of counts was due 
mainly to quenching quench factor about 0 . 7). It was 
considered that this level of reproducibility was sufficient 
to allow the specific activities of the inorganic phosphorus 
and phospholipid to be determined on separate groups of 
injected insects, and the two sets of results used to 
calculate specific activities and rates of synthesis. 
The incorporation of phosphorus-32 into total insect 
phospholipids during metamorphosis 
About 30 insects from each pupal stage from white pupae 
to 5 day old pupae were injected with 0.5 u l of 32 P 
TABLE 9 
Results of tests to demonstrate the reproducibility of 
injectionso 
carrier-free 
Single pupae were injected with lµl of 
32 
orthophosphate P (78,000 c.pome/µ1) 
and then homogenised in dioxan scintillator and counted 
in a Beckman LS-100 liquid scintillation counter~ 
No. of 
experiments 
10 
Range of 
counts 
re covered 
(nearest 
1,000) 
46,000 
74,000 
Mean Standard Deviation 
56,000 7,700 
TABLE 10 
Incorporation of 32 P into the phospholipids of Lucilia 
during pupa l life . Insects were injected with carrier 
free 32 P orthophosphate and allowed to metabo lise for 
24 hours o The 32 P activities of the total phosphorus, 
inorganic phosphorus and phospholipids were then 
determin ed. PO, Pl, etc. refer to white pupae, 1 day 
old pupae etc. as described in Figure l o Act ivities 
are expressed as c.p.m. per insect. Where more than 
one experiment was performed the results of both 
experiments are shown. 
Age at injection Total p Inorganic p Phospholipid 
Wandering larvae 1,315 645 430 
PO 9,650 900 
Pl 65,000 44,000 3,000 
Pl 66,000 30,500 2,950 
P2 24,000 18,500 570 
P3 26,500 19,000 900 
P3 14,355 13,333 1,330 
P4 21,500 12,500 1,230 
P4 19,000 8,600 457 
PS 15,500 11,200 2,100 
PS 45,470 30,000 5,080 
p 
TABLE 11 
The specific activities of in organic phosphate and 
phospholipid (c.p.m./µgP) in pupae 2 4 hours after be i ng 
injected with 32 P labelled orthophosphate. These 
figures were calculated from the activit ies shown in 
Table 10 and the measured levels of inorganic phosphorus 
and phospholipid phosphorus in the insects at the 
various stages. Where more than one experimen t was 
performed the results of both experiments are shown. 
Activity c.p.,m./µgP 
Age Inorganic p Phospholipid 
Wandering larvae 55 25 
PO 750 70 
Pl 2,350 300 
Pl 1,970 300 
P2 1,050 52 
P3 810 94 
P3 830 107 
P4 720 176 
P4 465 457 
PS 700 158 
PS 1,650 262 
p 
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0 
solution and left at 30 C. for about 24 hours. Activities 
f th 32 1 ' d f 4 7 o e P so ut ions used range rom 2 ,000 to 0,000 c.p.m. 
per µl. At the end of 24 hours, the insects were divided 
. 3 1 h 32 . . f h 1 'd into equa groups and t e P activity o t e ipi 
phosphorus determined in one, that of the inorganic phosphorus 
in another, and that of the total phosphorus in the third. 
The amount of phosphorus in each of these fractions was also 
d . d h 32 . . ( ; · ) f h etermine . Te P activity c.p.m. insect o eac 
fraction at the various stages of metamorphosis is shown 
in Table 10. The 32 P activity of the lipid phosphorus 
relative to that of the total phosphorus and inorganic 
phosphorus was greater at the beginning and end of the 
pupal stage than in the middle. Thus th e lipid phosphorus 
fraction of insects injected at day O contained 4.6% of 
the total phosphorus counts, and that of insects injected 
at day 5, 13.6 and 11 . 2%, compared with 2.4% for day 2 
pupae. 
The specific activities of the phospholipid and 
inorganic phosphorus fractions (c.p.m./µgP) during pupal 
life were calculated from the results in Table 10 and the 
amounts of phosphorus in each fraction and are . . given in 
Table 11 . These results show that isotopic equilibrium was 
reached only once viz. in an experiment with 4 day old pupae. 
Amounts of lipid phosphorus synthesised at various stages 
of pupal life 
Using the specific activities of the inorganic 
phosphorus shown in Table 11 and the c.p.m./insect 
incorporated into the phospholipid (Table 10) the amounts of 
lipid phosphorus synthesised at various stages of pupal 
life (µg P / insect/24 hours) were calculated and are shown in 
Figure 8. These figures were obtained by dividing the 
lipid P activity (c.p.m./insect) by the specific activity of 
FIGURE 8 
Amounts of phospholipid P synthesised by ~ilia 
pupae during development. The results are expressed as 
ug of lipid ,P/insect synthesised in 24 hours and were 
calculated from the data in Tables 10 and 11 as 
described in the text. Where more than one experiment 
was performed the figure shown is the mean. Figures 
in brackets denote the number of experiments made at 
each stage. 
Changes in the total lipid P/insect during the 
same period are included for comparison . 
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TABLE 12 
Table showing the estimated breakdown rate of total 
phospholip id du ring different stages of pupa l lifee 
The figures for breakdown were de rived from the nett 
change in phosphol ipi d P during a particular period and 
the amount synthesised i n the same period (Figure 8). 
Results are expressed as µg l i pid P/insect /24 hourso 
Stage of 
life cycle 
PO 
- Pl 
Pl - P2 
P2 
-
P3 
P3 - P4 
P4 - PS 
PS - P6 
Nett change 
in phospholipid 
-206 
-2.2 
+0.9 
+2.5 
o.o 
+0.8 
Amount of 
lipid p 
synthesised 
lc2 
195 
0.5 
lo35 
lo35 
3 .. 0 
Amount of 
lipid p 
broken down 
3.8 
3 0 7 
0 
0 
1.35 
2 0 2 
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the inorganic phosphorus (c.pom./µg P) for each experiment . 
The late larvae (wandering larvae ) stage was the period of 
greatest activity in synthesis of phospholipids, approxim-
ately 7.8 µg lipid P/insect being synthes ised in 24 hours 
at this time. Difficulties were encountered during the 
injection of larvae in that the counts recovered were much 
lower than in the other experiments. This may have been 
32 due to unsuccessful injections or loss of P by excretion 
although the latter cause is unlikely as phosphorus is not a 
major constituent of the excreta of blowfly larvae. The 
fact that the larval system was not a closed one as in the 
case of pupae also complicates the interpretation of results. 
However these are probably minimal figures in that the 
low recovery is probably a consequence of direct physical 
loss of injected fluid. 
The rate of synthesis of phospholipids fell signifi-
cantly during mid-pupal life when the rate declined to 
about 0.5 µg of lipid P/day (day 2). Thereafter the 
amount of lipid P synthesised rose to 3 µg/insect/day in 5 
day old pupae o The pattern of synthesis of phospholipids 
during pupal life shows a striking similarity to that of 
the total amount of pupal lipid P which also falls to a 
minimum at day 2 and is shown in Figure B o 
From these figures and the changes in total phospholipid 
during pupal life (Figure 2) the results in Table 12 
(column 3) were derived; these give some indication of the 
relative importance of synthesis and degradation of 
phospholipid at various stages of development o The values 
show that during the first 2 days of pupal life there 
was considerable breakdown of phospholipid amounting to 
about 8 µg. This was offset to some extent by synthesis 
of new phospholipid. During the next stage (P2 to P4 ) 
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there is a nett increase in phospholipid, apparently 
greater than the amount synthesised. It would appear 
unlikely during this period that there is any significant 
breakdown of phospholipid. In the last 2 days of pupal 
life there is virtually no change in the total amount 
of phospholipid in the insect, but about 4 µ g lipid Pare 
synthesised To balance this synthesis there must be a 
breakdown of an equivalent amount of phospholipid. Thus 
there is considerable turnover of lipid Pat this stage of 
the life cycle. 
32 Incorporation of Pinto the individual phospholipids of 
Lucilia 
The phospholipids isolated from insects injected with 
32 P were 
Methods) , 
measured. 
fractionated on Gelman I.T.L ~C. media SG (see 
32 
and the P content of the individual phospholipids 
This was accomplished by cutting out the 
phospholipid areas (detected with iodine vapour), placing 
them in glass vials and counting them in the 32 P channel of 
a Beckman liquid scintillation counter after the addition 
of 10 ml. toluene scintillator. 
The distribution of counts is shown in Table 13 . The 
number of counts applied to the chromatographic paper ranged 
from 240 c.p.m . to 10,000 c.p.m. and the counts recovered 
ranged from 78% to 129% (mean 99.8%) c There was always a 
small number of counts remaining at the origin accounting 
for 3% to 7.5% of the total counts . This was probably due 
to some breakdown of phospholipids during storage prior to 
fractionation. 
The highest proportion of counts was in the 
phosphatidylethanolamine component which contained about 
70% of the counts in early pupal life (Po and Pl) and 
thereafter approximately 50% of the counts . This percen t age 
TABLE 13 
Distribution of counts of 32 P labelled phospholipids of 
Lucilia during pupal life. Phospholip ids were separated 
on Gelman I.TeL.C. media, located with iodine vapour, and 
the spots cut out and counted in toluene scintillator in 
a Beckman liquid scintillation counter. The results are 
expressed as percentages of the total counts recovered 
from the chromatograms. PO, Pl etc. refer to white 
pupae, 1 day old pupae etce as described in Figure lo 
I · · · h 
32 
. d 24 h 1 t nsects were inJected wit P and examine ou rs a er~ 
Where more than one experiment was made the figure shown 
is the meano 
Phospholipid Stage of Life cycle when injected 
PO Pl P2 P3 P4 PS 
Solvent Front 0 3 14 11 8 2 
Phosphatidyl-
ethanolamine 75 71 57 56 52 51 
Phosphatidyl-
serine 1 1 8 11 10 
+ Phosphatidyl-
inositol 
Phosphatidyl-
choline 11 8 14 16 15 20 
Lysophosphatides 8 13 8 8 10 12 
No. of 
experiments ( 1 ) ( 2 ) ( 1) ( 2) ( 2 ) ( 2 ) 
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corresponds to the proportion of phosphatidylethanolamine 
in the total phospholipids of the insect, although as 
discussed in Section 1, in the Gelman I.T.L.C ~ system used, 
cardiolipin co-chromatographs with cephalin (but see later ). 
Phosphatidylcholine contained 8-20% of the counts, the highest 
figures being obtained at the end of pupal life. As with 
cephalin, the lecithin figures approximate closely to the 
actual proportion of this component in the total 
phospholipids of the insect. 
Phosphatidylserine and phosphatidylinositol did not 
incorporate any significant amounts of 32 P until towards the 
end of the pupal period. 
This is consistent with their behaviour during the 
development of the total phospholipids in pupal life 
(cf. Section 1) and can be interpreted as meaning that there 
is little turnover of phosphatidylserine. The incorporation 
f 32 h' h . h . f o P w ic does occur is probably due to the synt esis o 
phosphatidylinositol. 
The proportion of counts in the lysophosphatide fraction 
stayed relatively constant at 8-13%, while the greatest 
activity of the solvent front lipid P (? phosphatidic acid) 
coincided with the period of least synthetic activity (P2). 
From the number of counts/insect for each phospholipid 
and the specific activity of the inorganic phosphorus pool 
for each experiment (Table 14), the amount of each 
phospholipid synthesised at various stages of the life 
cycle was calculated and the results are listed in Table 15 . 
The amount of solvent front lipid P synthesised remained 
relatively constant during pupal life. The synthesis of 
P.S. and P.I. increased from virtually zero in early pupal 
life to 0.24 µg P/insect/24 hours in day 5 pupae. The 
other phospholipids, P.E., P.C. and L.P., showed an initial 
TABLE 14 
The number of counts per insect incorporated into the individual 
phospholipids of Lucilia in 24 hours after injection with 32 P at 
various stages of pupal life. The specific activity of the inorganic 
phosphorus pool (c.p.m./µg P) for each experiment is also shown . 
Age of pupae when injected 
Phospholipid PO Pl Pl P2 P3 P3 P4 P4 PS PS 
c.p.m. per insect 
Solvent Front - 90 89 77 180 13 - 7 74 51 
P.E . 675 2,160 2,065 32 5 450 825 590 256 1,071 2 ,5 40 
p. s. + p . I . 9 60 - - 68 120 135 48 210 298 
p . C. 99 270 221 77 90 279 135 82 368 1,118 
L . p . 72 390 384 43 84 53 135 41 273 559 
Inorganic 
Phospho r us 
Poo l 75 0 2 , 350 1 , 970 1,050 810 8 30 720 465 700 1,6 5 0 
TABLE 15 
The amounts of indi vidual phosphol i pids synthesised during pupal life as 
calculated from the number of counts incorporated into each phospholipid 
per insect in 24 hours and the specific activity of the i norganic 
phospho rus pool (Table 14). The figures in columns marked with an 
asterisk are th e means of 2 experiments. 
Stage of life cycle 
Phospholip id PO-Pl Pl-P2 P2-P3 P3-P4 P4-P5 P5-P6 
* * * * µg lipid P/insect/24 hours 
Solvent Front - Oo04 0.07 0.11 - 0.07 
P .Ec 0.9 0 .9 8 0.31 0.77 0.72 1., 51 
P cS . + Po I. OoOl 0.02 - 0.11 0.15 Oo24 
P . C ~ 0.13 0.11 0.07 O e22 0.18 0.59 
L~P . 0 .10 0.18 0 .. 04 0 . 08 0 .14 0 .. 3 7 
__J 
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fall in synthetic rate to 2 day old pupae and then a rise 
to a maximum amount in day 5 pupae. 
· · f 32 · h h h 1 · d f h The incorporation o Pinto t e p osE o ipi s~ t e 
thoracic sarcosomes of Lucilia 
5 day old pupae and newly emerged flies were injected 
32 o 
with P and left for 24 hours at 30 C. The phospholipids 
of the thoracic sarcosomes were then isolated as described 
in Methods 1. In the case of the 5 day old pupae, only 
those flies which had actually emerged (and remained alive) 
were processed. In the experiment with the newly emerged 
insects only flies still alive after the 24 hour incubation 
period, were selected for testing. The 32 P activities of 
the phospholipid extracts were measured in the manner already 
described and also those of the individual phospholipids 
after fractionation on silica gel coated glass plates 
(Methods 1). 
in Table 16 " 
The results of these experiments are shown 
It can be seen that the number of counts incorporated 
into the sarcosomal phospholipids was very similar in both 
experiments. The activity of the inorganic phosphorus pool 
wa~ not measured in these experiments but if a similar 
specific activity is assumed, then the rates of synthesis 
of phospholipid would appear to be roughly the same at 
these two stages of the life cycle~ 
The proportion of counts in the individual phospholipids 
was essentially the same for each stage and as for the total 
insect phospholipids, was very similar to their proportions 
of the lipid phosphorus of the thoracic -sarcosomes. Thus 
cardiolipin contained 17% and 15% of the counts in 5 day 
pupae and newly emerged flies respectively, while 
phosphatidylethanolamine contained 41% and 49%. 
Phosphatidylcholine and phosphatidlyserine together 
TABLE 16 
h · · f 32 · h h h 1· d f h Te incorporation o Pinto t e p osp o ipi so t oracic 
sarcosomes of Lucil i a. 5 day old pupae and newly emerged 
flies were injected with 0.5 µl of 32 P solution and left 
0 for 24 hours at 30 c. The phospholipids of the thoracic 
sarcosomes were then isolated as descr i bed in the Methods 
· d h 32 · · d · k 1 · ' d section an t e P activity measure in a Be e man iqui 
scintillation counter . After fractionation by thin-layer 
32 
chromatography the P activity of the individual 
phospholipids was measured and results calculated as 
c.p.m./insect. 
Total 
phospholipid 
Cardiolipin 
Phosphat i dyl-
ethanolamine 
Phosphatidyl-
serine 
Phosphatidyl-
c hol ine 
5 day pupae 
% counts 
17 
41 
4 
20 
c.p . m./ 
insect 
7,300 
1,230 
3,000 
290 
1,450 
Newly emerged flies 
% counts 
15 
49 
) 
) 
29 ) 
) 
c.p .m./ 
insect 
8 ,500 
1,120 
3,800 
) 
) 
) 
2,260) 
FIGURE 9 
Autorad i ogram of radioactive sarcosoma l phospholipids 
isolated from the thoraces of newly emerged Lu cilia 
3 2 
after they had been injected with P and lef t for 24 
hours 0 at 30 c . The phospholipids were frac ti o n a ted by 
t hin-layer c hromatography on silica gel G (T.L.C. system) 
and the auto r adiogram obtained by leaving t h e chromatogram 
in contact with Ilford X-ray film for 4 days. 
·r 
~ Card. 
P.E. 
P.S. 
P.C. 
. . 
ongrn 
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included 24% and 29% of the counts for the two stages 
respectivelyo 
· f 32 ' h h h 1 d f h h d Incorporation o Pinto t e p osp o lE~ so t e ea s 
and abdomens of newly emerged Lucilia 
This experiment was carried out in conjunction with the 
one d . d t h . . f 32 h esigne o measure t e incorporation o Pinto t e 
phospholipids of the thoracic mitochondria of newly emerged 
flies. The phospholipids were extracted from the heads 
d bd f d . f 1 . h 3 2 . . f an a omens o issected ies and t e P activity o 
this extract compared with the activity of the phospholipids 
of the whole insect. 
fractionated by T.L . C. 
The phospholipids were further 
on 
. l. 32 . . . 
si ica gel and the P activities 
of the individual phospholipids determined o 
are shown in Table 17. 
These results 
The phospholipids of the heads and abdomens contained 
about 50% of the 32 P activity of the whole insects. There 
was no significant difference between the activities of the 
cardiolipin fractions which accounted for about 2% of 
the counts, but phosphatidylethanolamine contained 54% of 
the counts of the whole insect phospholipids and only 33% 
of the counts of the phospholipids of the heads and 
abdomens. The activities of phosphatidylcholine and 
phosphatidylserine combined made up approximately 25% of 
the counts. With the phospholipids of the heads and 
abdomens only 61% of the applied counts were recovered from 
the thin-layer chromatogram compared with 86% for the 
total insect phospholipids. Some of the unrecovered counts 
were probably present in the lysophospha~ide and 
phosphatidylinositol fractions which were not identified 
on the T.L.C system. 
r 
TABLE 17 
The i ncorpo rati on of 3 2 P i n t o t h e phospholipids of the 
whole insect and of the heads and abdo mens of newly 
emerged Lucil i a . Insects were injected wi t h 32 P 
solution and left for 24 hours at 3o 0 c . The phospholipids 
were then extracted as described in the Method s Section 
d h 32 . . . h · · an t e P activities measured. The p osphol i pids were 
also fractionated by thin-layer chromatograph y (silica 
gel) and the 32 P activities of the individual ph osph o lipids 
measured . 
whole insects heads and abdo mens 
c.p . m. / c.pem./ 
% counts insect % counts i n sect 
Total 
phospholipids 27,500 1 5 ,700 
Cardiolipin 2 470 3 47 0 
P . E o 54 14,800 33 5 ,180 
Pe S e + p. C. 30 8,200 25 3, 900 
I~ 
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DISCUSSION 
Injection of insects 
One of the main problems associated with inJection of 
32 P into insects in the early pupal stages was that there 
was no way of knowing for certain if the animal was still 
alive after the incubation period. Thus there was always 
the possibility that injection had killed some of the 
. h . . f 32 . h 1 . . d insects and tat incorporation o Pinto phosp o ipi s was 
due to subsequent growth and development of bacteria. 
appeared to be no suitable criteria by which to select 
There 
living insects in this pupal stage. One possibility which 
was investigated was to check the respiration of injected 
insects using an oxygen electrode, but respiration rates 
were found to be much too low for this to be practicable 
(it would have been very time consuming) and reliable. 
Nevertheless, despite the possibility of bacterial 
contamination that existed there are two observations which 
32 
suggest that the incorporation of P observed was due to 
the insect's own metabolism: 
(1) where duplicate experiments were performed 
similar results were obtained for both; 
this would not be expected if incorporation 
was due to bacterial growth; 
(2) i' f ' . f 32 d · incorporation o P were ue to massive 
multiplication of bacteria then a different 
distribution of counts would have been 
obtained since it is unlikely that bacterial 
phospholip1d composition would so closely 
resemble that of Lucilia. 
Since it is likely that infection of in&ects after injection 
is due to penetration of the alimentary tract by the 
needle and consequent multiplicat ion of the animal's own 
bacterial flora, the use of sterile insects and aseptic 
injection techniques would eliminate the possibility of 
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such infection. The injection procedure however, would 
become considerably more complex and laborious. The 
difficu lty of selecting live insects was not encountered 
where ins ects were injecte d one day before emergence or 
after emergence, be cause at the se stages it was obvious if 
the ins ect was alive or not. In the case of newly pupated 
insec ts (white pupae), the i nsect was considered to have 
survived if the t anning pro cess had proceeded. With larvae 
also, it was easy to t ell if the insect had lived, but as 
previously noted very low counts were recovered in this 
experiment . These animals were extremely difficult to 
inject because they secreted a sl ime, and were very active. 
Crone (1967) in exper i ments with Mus~ larvae has also 
remarked that "the i nject i on procedure was technically 
unsat i sfactory because the amount of solution inJected and 
retained in the larvae was rather variable". 
It was observed that in the literature the methods of 
32 
reporting results of experiments us in g Pare extremely 
variable . Thus results are generally expressed as II o 'o 
counts incorporated" or "spe cific act1vities" e There appears 
to have been no attemp t to measu re the specific activity 
of the inorganic phosphorus in comparable studieso In 
the present work specific activities were calculated but 
were mainly used to determine if isotopic equilibrium had 
been reached . There appeared to be little point in 
comparing spe ci fi c activities of phospholip1ds in different 
experiments particularl y where the inorganic phosphorus 
pools had different specific activities. 
· f 32 · h 1 'd f 1 !nco r poration o Pinto the phosp o ipi so Luci ia 
There are few experiments in the literature which 
describe in such deta il the synthesis of phospholipid 
during metamorphosis and with which the present work can 
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be compared. Perhaps the most relevant is he work of 
Thomas and Gilbert (1967) who noted a considerable 
incorporation of 32 P into the phospholipids of Hyalophora 
during pharate development as well as an increase n total 
lipid P; thus their results are generally similar to those 
obtained with Lucilia~ 
The greatest proportion of counts in the phospholipid 
fraction of Lucilia (i.e. compared with the total number of 
counts/insect) was obtained with insects injected one day 
before emergenceo This was also the stage of greatest 
synthesis of lipid phosphorus (3 µg) and coincides with the 
period of growth and maturation of the thoracic sarcosomes . 
Although 3 µg of lipid Pare synthesised, experiments 
reported in Section l showed that sarcosomal phospholipid 
increased most rapidly in amount after emergence, and that 
in the 24 hours before emergence the amount of lipid P 
rose by only about lo5 µg. However phospholipid is also 
required for the development of other adult structures 
such as the musculature and insect fat body which is 
occurring at this time. Since there is an increase of only 
0.8 µg lipid Pin the insect during this period, a 
breakdown of about 2 µg must take place. 
In the stages P2 to P3 and P3 to P4, there is 
insufficient synthesis to account for the observed nett 
increases in phospholipid. This is perhaps evjdence for 
a re-use of larval phospholipid breakdown products by an 
alternative synthetic pathway as already discussed in 
Section 1. 
32 P incorporation into the individual phospholip ids 
The percentage of counts incorporated into the 
individual phospholipids showed a striking similarity to the 
proportions of these compounds in the total phospholipid " 
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Thus P .E. and P.C. together accounted for 70-85% o± the 
counts whilst P.S. + P.I. contained 10% towards the end of 
pupal life after having virtually no 32 P activity in the 
first 2 days . The proportion of counts in ~he lysophosphatide 
fraction remained practically unchanged during pharate adult 
development while the greatest percen~age of counts in the 
solvent front lipid P occurred mid-way through this stage. 
In contrast, with houseflies Crone (1964) measured the 
specific activities of P . C. and P.E. and obtained a ratio 
of 1.3 indicating that P.C c was incorporating 32 P at a 
faster rate/µg lipid P than P.E. 
When the amounts of the individual phospholipids 
synthesised in 24 hours at the various stages were calculated 
it was found that they reflected the pattern of the 
percentages of counts incorporated . Thus P.E. was synthesised 
in greatest amount of all the phospholipids, the period 
of most synthesis being the 24 hours before emergence . In 
fact this was the period of highest synthetic activity of 
all the phospholipids except the solvent front lipid P most 
of which was synthesised in the stage P3-P4. Cardiolipin 
was isolated only in one experiment using the T.L.C . 
system (Fo-Fl) and was found to contain about 2% of the 
counts which is about the same as its concentration in the 
whole insect phospholipids o These findings generally 
support the conclusions drawn from the work in Section 1. 
Thus the phospholipid composition remains relatively 
constant during pupal life because synthetic rates of the 
individual phospholipids are similar, and there is an 
increase in amount of P .S. + P.I. towards the end of the 
pupal period due to an increase in synthesis. 
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32 The incorporation of Pinto the phos£holipids of the 
sarcosomes 
h f 32 . h 1 d f Te incorporation o Pinto the p ospho pis o 
the thoracic sarcosomes was studied in flies injected 24 
hours before emergence and in newly emerged flies n In the 
stage PS-Fo the mi ochondrial phospholipids incorporated 
32P, about 15% of the injected whereas from Fo-Fl, the 
incorporation was greater at about 20%. Even though the 
activity of the inorganic phosphorus was not measured in 
these experiments it can be assumed that the rate of 
mitochondrial synthesis (or perhaps of incorporation of 
phospholipid into the sarcosomes) is greater after emergen c e 
than before. This is in agreement with the findings in 
Section 1. An estimate of the amount of mitochondrial 
lipid P synthesised can be obtained by taking two-thirds o f 
the injected 32 P activity as the activity of the inorgani c 
phosphorus; (this is approximately the ratio observed in 
previous experiments); the specific activity of the 
inorganic P would then be about 2,000 c.p.m. / µg for both 
experiments. Thus about 8 µg mitochondrial lipid P / insect 
are synthesised during the two periods. This is somewhat 
more than the nett increase actually observed (approximately 
5 ug lipid P/insect), but can be interpreted as meaning 
that not only is there considerable de novo synthesis of 
sarcosomal phospholipid during this period, but that there 
is considerable turnover as well . Rapid turnover of the 
phospholipids of rat liver mitochondria has been demons t rated 
b . . , 32 y inJecting rats with P (Taylor, Bailey and Bartley 196 7 ; 
Bailey, Taylor and Bartley, 1967). These workers obtained 
half-lives of 1.9 days and 1.6 days respec t ively for 
mitochondrial phospholipids, results which were similar 
to those of Gurr (1965), who concluded that the half-life 
was about 19 hours. 
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As with the phospholipids of the wtole insect, he 
pactern of counts incorporated into the l dividual 
phospholipids in both experiments was very similar to the 
composition of the sarcosomal phospholipids o These 
£esults indicate a similar rate of inco rporation of 32 P 
into all phospholipids, a rate which is apparently the same 
at both periods investigated. 
with those of other workers~ 
These findings c an be compared 
Thus Crone (1964), found that 
in the mitochondria of Musca whose phospholipids had been 
labelled with 32 P , the specific activity of P.Ce was five 
times greater than that of P.E. On the other hand , in 
experiments with Musca (in which flies were fed 32 P for 
2 days prior to ex raction), Khan and Hodgson (1966) 
found that the percentages of counts incorporated into the 
phospholipids was similar to the composition of the 
phospholipids. This would seem to indicate a similar rate 
f · · f 32 · 11 1· ' d o incorporation o Pinto a phospho ipi s. 
I . . h . . d h 32 n experiments wit rats inJecte wit P, Taylor 
et al. (1967) 
mitochondria, 
found that in the phospholipids of the liver 
32 P was incorporated most rapidly into P .E., 
maximum incorporation being obtained after 6 hours, whereas 
with P.C. maximum incorporation occurred after 6-12 hours. 
The specific activity of card1olip1n was still slowly 
increasing at the end of 72 hours ~ (The maximum spec ific 
radioactivity of the total mitochondrial phospholip i d was 
attained after approximately 6 hours) Mil ler and Cornatzer 
( 1966) d d 32 · · · h d . 1 stu ie P incorporation into the mito c on r1a 
phospholipids of developing rabbits and concluded hat 
there was a relatively constant rate of synthes is~ 
32 . . d P incorporation into the phospholipids of the heads an 
abdomens of Lucilia 
The resul s of this experiment show that incorporation 
of 32 P into the phospholipids of Lucilia is occurring in 
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all parts of the in se ct. The spec i fi c activity of the 
phospholipids of the heads and abdomens (1,900 c.p~rn /µg P ) 
was grea ter than the specific activity of the phosphol1p1ds 
of the who l e insect (1,200 c . p . m./µg P), indicati ng a 
faster rate of synthes i s probably as a c onsequence of the 
activity of the abdominal fat body . The results also 
h h 32 · d ' 1 · · h b · t d suggest tat t e Pin car 10 ipin as een incorpora e 
only in o the cardiolipin of the heads and abdomens. 
However the experiments wi th mito chondria have demo nstrated 
that this is not so, and the low count fo r th e cardio lipin 
of the total phospholipids is probab ly due to the low 
concentration of cardiolipin in this extract (about 2%). 
The P . E . of the heads and abdomens extra ct contained 
a lower percentage of c oun t s than the PwE . of the whole 
i nsect phospholipids. This may mean a slower rate of 
synthesis or that there is less P . E . in the heads and 
abdomens than in the thorax . It would also seem that the 
P.E . f h h . d 32 f o t et orax has in c orporate Pat a aster rate 
than the P . E. of the rest of the insect. 
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GENERAL DISCUSSI ON 
In this discussion, an attempt will be made to relate 
the results of the work presented in Sections 1 and 2 to 
the development of Lucilia during metamorpho sis. Firstly , 
phospholipid changes in the whole insect will be related 
to histological changes. Secondly, aspects of sarcosomal 
development will be compared with the pattern of 
phospholipid and protein changes in these organellese 
PhospholiEid changes in the insect during development 
(a) Histolysis of larval tissues 
In the 48 hours following pupation there is considerable 
breakdown of lipid phosphorus in the insecto This de cline 
occurs when there is a maximum histolysis of larval tissue 
(Barritt and Birt) and is probably due to a breakdown of 
the phospholipids of many larval tissues ~ Some phospholipid 
is synthesised during this period and it is likely that 
this is required for the growth of imaginal cells of 
thoracic and head structures which begins about 8 hours 
after larval/pupal apolysis (Barritt and Birt ) e However 
the rate of histolysis exceeds that of histogenesis and 
this results in a nett decrease in the amount of phospholipid. 
(b) Utilization of larval reserves 
During the mid-pupal stage there is apparently no 
significant breakdown of phospholipid . This is a period 
of development of flight muscle and other adult structures 
and it appears that the "spherules" or albuminoid bodies 
release larval reserves to aid in this process~ Thus 
histogenesis continues while histolysis slows and the 
result is a nett increase in the phospholipid level in 
the insect" 
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(c) Final development of adult structures 
In the final stage of pharate adult development, the 
phospholipid level remains relatively constant. Howeve r 
increased synthesis and incorporation of phosphol ipi d into 
organelles such as flight muscle mitochondria, and a 
continued growth of existing imaginal structures occurs. At 
the same time there is a final dissolution of larval 
structures e.g., fat body, resulting in a breakdown of 
lipid P apparently about equal to the amount synthesised. 
Thus during the whole period of the development of 
the fly the needs for phospholipids for the adult structures 
are met by the direct reuse of material derived from the 
larva and the synthesis de nov~ of new molecules . 
Development of the thoracic sarcosomes 
(a) Incorporation of phospholipid and protein 
Two days before emergence most mitochondria contain 
approximately equal amounts of inner and outer membrane. In 
the next stage of development the inner membrane increases 
in amount due mainly to incorporat i on of "structural" or 
"non-enzymic" protein (Lennie and Birt, 1967) which oc c u rs 
more rapidly than that of phospholipid . As a consequence 
of this, the phospholipid/protein ratio falls. After 
emergence the phospholipid/protein ratio rises due to 
faster incorporation of phospholipid than of protein. The 
phospholipid/protein ratio in the mitochondrial membrane 
also follows this pattern and provides further evidence 
for the accumulation of "structural" protein during this 
stage. The specific gravity of the thoracic sarcosomes 
remains steady instead of falling; it has been sugges ted 
, 
that there is extrusion of water as the hydrat i on of the 
matrix is diminished; (Walker, 1969). Direct measu rements 
of the ratio of mitochondrial water to dry matter appear to 
confirm this suggestion (Nurmi and Birt unpublished ). 
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(b) Incorporation of individual phospholipids 
The work in Section 2 showed that during development of 
the thoracic sarcosomes all phospholipids were incorporated 
at about the same rate with the exception of P .I. It 
seems possible that the incorporation of P.I. at emergence 
is associated with some special function but this could 
not be identified even tentatively. Cardiolipin increases 
in amount along with the other phospholipids during 
sarcosomal development and is consistent with the increase 
in amount of the inner membrane. It has been suggested that 
cardiolipin is responsible for determining the permeability 
of mitochondria to exogenou~ anions (McGivan and Chappell, 
1967); thus it may be important in helping to confer the 
characteristic impermeability on the thoracic sarcosomes 
of Lucilia (cf. Van den Bergh and Slater, 1962). 
(c) Incorporation of protein 
Walker (1969) has suggested that both "apoenzyme" and 
"structural" protein probably of larval origin, are 
released and incorporated into the developing adult 
structures including mitochondria. This material, some of 
which has already been accumulated from the sarcoplasm by 
pre-emergent mitochondria, is responsible for the "fuzzy" 
appearance of the inner membranes when negatively stained. 
It appears in the matrix around the deve lo ping cristae in 
a disorganized form and is probably inactive (Walker 1969). 
The "soluble" protein isolated from thoracic sarcosomes 
and described in Section 1 may be related to this 
unincorporated protein material in that_ it may represent 
a unit or units of "non-enzymic" protein awaiting 
incorporation into the mitochondrial membrane. 
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A pattern for mitochondrial development 
These observations may be drawn together into a 
general pattern for mitochondrial development in adult 
Lucilia as follows. Small, relatively undeveloped particles 
derived from the myoblasts, begin development by accumulating 
proteins both enzymic and non-enzymic, which will form the 
mitochondrial membranes, especially the inner membrane. 
This membrane is laid down in a series of relatively 
disorganized, phospholipid-poor areas in the matrix. 
Development of precisely defined inner membrane is coincident 
with an increase in the content of phospholipid; at the 
same time (for instance, the mitochondria over emergence), 
the respiratory and oxidative functions of the mitochondria 
appear in greatly increased activity. It may be that it 
is the incorporation of the phospholipid rather than of 
the protein , which is responsible for the development of 
these functional properties. Subsequently (1-4 days 
after emergence), developmental changes are less spectacular, 
consisting mainly of a slower elaboration of membrane and 
a decrease in the extent of hydration of the matrix; this 
latter change may be a consequence of the onset of energy 
transformation processes in the mitochondria. 
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APPENDIX 
MATERIALS AND SPECIAL CHEMICALS 
Nagarse was a product of the Sang-Yo Co. Ltd., Osaka, 
Japan. 
Bovine albumin, cytochrome c and peroxidase were from 
Sigma. 
Cardiolipin, phosphatidylethanolamine and phosphatidic 
acid were from the Pierce Chemical Co., Illinois U.S.A . 
32 P (carrier free) was obtained from the Australian 
Atomic Energy Commission, Lucas Heights. 
Sephadex was from Sigma. 
All other chemicals used were of ANALAR grade or of the 
highest purity commercially available. 
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ATP 
ADP 
ABBREVIATIONS 
The abbreviations used in this thes i s are 
as follows: 
adenosine - 5' - triphosphate 
adenosine - 5' - diphosphate 
P.E. phosphatidylethanolamine 
PQC. phosphatidylcholine 
P.S. phosphatidylserine 
P.I. phosphatidylinositol 
L.P. lysophosphatides 
L.P.Ee lysophosphatidylethanolamine 
L.P.C. lysophosphatidylcholine 
T.L.C. thin-layer chromatography 
I.T . L aC. instant thin-layer chromatography 
TCA trichloro-acetic acid 
Tris Tris (hydroxymethyl) amino methane 
E . D.T.A . ethylene diamine tetra-acetic acid 
P/0 moles of inorganic phosEhate esteri f ie d 
gatom oxygen consumed. 
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